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Abstract 
Relationships between climate variables, lake characteristics and diatom community 
composition were determined for five lakes in the Uinta Mountains, Utah (USA) from spring 
2010 to autumn 2013 to provide information to help predict the effects of climate change on 
lake ecosystems. Surface water temperatures increased with decreasing elevation although 
microclimates affected this relationship. Deeper water temperatures increased or stayed the 
same with increasing elevation, probably due to greater transparency or convective heating. 
Total phosphorus (TP) and chl a concentrations decreased in the spring/summer with warmer 
fall/winter temperatures, and nitrates in the spring increased with increased fall/winter 
precipitation. A significant correlation between chl a and TP suggests algal production is 
limited by phosphorus in the spring. High elevation lakes were characterized by greater 
relative abundances of planktonic diatoms, mainly Asterionella formosa, Fragilaria tenera, 
F. nanana and small Cyclotella species, than low elevation lakes due to greater nutrient 
availability. 
Keywords 
Limnology, lakewater temperature, climate change, nutrients, nitrogen, phosphorus, 
chlorophyll a, diatoms   
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Chapter 1 
1 Introduction 
Alpine and arctic lakes are ideal locations for studying the effects of climate change 
because they are relatively unaffected by direct human impacts. As well, it is important to 
include such sites in studies of predictions of the effects of future climate change because 
alpine and arctic lakes are important reservoirs of water for adjacent lowlands (Barry, 
1994) and biodiversity hotspots (IPCC, 2001), so it is critical to understand how they will 
change in the future. Research in arctic and alpine regions has expanded in the last few 
decades as our concerns about the effects of climate change have grown (Battarbee et al., 
2002; Tolotti et al., 2012; Lotter & Bigler, 2000). The Intergovernmental Panel on 
Climate Change (IPCC) has found with “high confidence” that mountainous regions are 
among the most vulnerable to climate warming (IPCC, 2001). If the climate follows 
climate scenarios, warming temperatures could reduce snow packs, change the timing of 
runoff from snow, increase evaporation, and precipitation will more likely be as rain 
instead of snow in mountain regions (Bell et al., 2004). The altering of mountain 
hydrology could have consequences downstream, likely affecting populations in adjacent 
and arid lowlands that are often dependent on this water (Barry, 1994).  
Alpine lakes are generally oligotrophic (i.e. have low nutrient content), so they are 
particularly sensitive to nutrient inputs, including atmospheric deposition at high 
elevations from increased precipitation (Lovett, 1994). In alpine regions of the Western 
USA, this nutrient sensitivity could be exacerbated by rapid warming that began 
occurring in the last decade (Saunders et al., 2008). Models have projected that the 
annual temperature in Western North America will increase 2-5 °C over the 21st century 
(Solomon et al., 2007). However, there is still limited understanding on how current 
changes in temperature and precipitation will affect mountain physical, chemical, and 
biological systems. Since the atmospheric and thermal dynamics are locally distinct in 
mountainous regions (IPCC, 2001), microclimates are present at different elevations. 
Therefore, it is important to study current lake response of changing temperature and 
precipitation at low and high elevations to gain a better understanding of the differences 
and similarities. This can potentially infer changes in lakes over a longer period of time.  
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It is evident that the effects of climate on alpine lakes are complicated (Figure 1.1). We 
know that since the 19th century, climate warming has affected the physical, chemical, 
and biological processes of lakes (Bates et al., 2008; Smol et al., 2005), but the 
relationships between these variables are not always straightforward.  
 
Figure 1.1: The effects of air temperature on a lake’s ecosystem.  
Air temperature affects ice-cover and water temperature, which in turn affects length of the growing 
season, thermal stratification, and lake depth through evaporation. Lower lake depths can result in ionic 
nutrient concentration. As well, shallower lakes are more likely to be mixed, which can affect internal 
cycling of nutrients. Changes in lake chemistry in turn affect lake biota. Warming temperatures could also 
increase terrestrial vegetation structure and biomass, which could also lead to an increase of nutrients. 
Air temperature generally decreases with altitude. There have been several studies that 
have looked at lake surface water temperatures with altitude in Swiss alpine lakes (e.g., 
Livingstone & Lotter, 1998; Livingstone, 1993), which also show a decrease in surface 
water temperature with altitude, however, only a few studies have collected high 
resolution (30 minutes-1 hour) water temperature measurements (e.g., Livingstone et al., 
2005). Although Livingstone and Lotter (1998) found a positive relationship between air 
temperature and surface water temperature, this relationship reversed at depth 
(Livingstone, 1993). This negative correlation was due to the downward convective 
mixing of heat that is possible at low air temperatures, but is inhibited by thermal 
stratification that occurs at warmer temperatures.  
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The duration of ice-cover is an important factor that connects air temperatures and 
limnological properties in alpine lakes. The timing of ice-in and ice-out determines 
properties of light, temperature, mixing, and nutrient cycling in high altitude lakes 
(Livingstone et al., 1999). Ice-cover in mountain lakes are generally long and the ice-free 
open season is usually short (Lotter & Bigler, 2000). With the extended ice-cover and the 
short spring/summer season at high latitudes, it is logical to assume that light is a major 
factor that controls primary production, but production could also be driven by nutrient 
concentrations (Hall & Smol, 2001). 
The effects of warming temperatures on nutrient cycling can be complicated. Warmer 
temperatures can cause stronger thermal stratification that can prevent mixing in lakes. 
This means there will be less redistribution of heat and nutrients (nitrogen (N) and 
phosphorus (P)) within a lake (Agbeti & Smol, 1995). Stronger stratification reduces P to 
the surface over the growing season as a result of fewer mixing events (Agbeti & Smol, 
1995). Therefore, nutrients will only cycle during fall and spring mixing in lakes. The 
reduction of P to the surface may decrease primary production during times of thermal 
stratification, but increase production during the mixing seasons potentially altering 
ecological dynamics. With increased duration of thermal stratification, there is also a 
greater concentration of P that can accumulate in the bottom anoxic waters (Moser et al., 
2002), so during mixing events, nutrients could actually increase. Moreover, with 
warming temperatures there is an increase of evaporation that results in a decrease in lake 
depth. This could lead to more mixing and a greater distribution of nutrients within a lake 
(Clerk et al., 2000). Moreover, with evaporation, both nutrients and ions are concentrated.  
Other factors that are important to nutrient concentrations are lake catchment size and 
vegetation. Terrestrial runoff is one of the main pathways for nutrients to enter a lake 
(Guildford & Hecky, 2000), and with warming temperatures, the vegetation biomass can 
increase in the catchment (Smith et al., 1986). Therefore, bigger catchment areas could 
result in more nutrients entering a lake. Also, the type of vegetation in the catchment area 
of a lake can affect the amount of nutrients entering a lake. The water storage capability 
of the soil and plant roots can differ with different vegetation, and generally, this 
capability diminishes with altitude where soil cover declines and catchments are mostly 
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comprised of ice, rock, or debris cover (Wehren et al., 2010). Dissolved organic carbon 
(DOC) inputs are also affected by vegetation and soil coverage in a catchment, and DOC 
can affect transparency and lake heating (Schindler & Curtis, 1997). DOC can increase 
solar absorption in the epilimnion causing greater temperature differences between the 
surface and deep water temperatures (Wetzel, 2001). Increased solar heating in surface 
waters can consequently increase the primary production in alpine lakes (Michelutti et al., 
2005).  
The biological response of lakes to warming temperatures is also complicated. The 
community composition of diatoms in a lake can be affected by warming temperatures, 
because they are sensitive to environmental change (Smol, 1983). Diatoms are one of the 
most frequently used biological indicators. Diatoms are microscopic, siliceous, 
unicellular phytoplankton that are taxonomically unique, and widespread in large 
numbers. Because most mountain lakes are under ice-cover for most of the year, the lakes 
are seasonally decoupled from the direct atmospheric climate signals (e.g. light, 
temperature). However, with the increase in air temperatures, there is an associated 
decrease in ice-cover duration, resulting in a longer ice-free open season (Lotter & 
Bigler, 2000). The increase in the ice-free period could cause changes in the diatom 
community structure, specifically an increase in planktonic species because of increase in 
the open water season, resulting in a decline in benthic species (Rühland et al., 2008). 
Diatom species that are frequently present in alpine settings are Fragilaria and Staurosira 
(e.g. Hustedt, 1943, Schmidt et al, 2004). Recently, however, Asterionella formosa has 
been found to be common in high elevation Uinta Mountain lakes (Hundey et al., 2014). 
Also, small planktonic Cyclotella species have been found to increase with warming 
temperatures in alpine lakes (Rühland et al., 2008). Therefore, changes in physical 
properties of lakes (i.e. decreased ice-cover and longer thermal stratification) due to 
warming temperatures will in turn, affect nutrient distribution that will likely increase 
planktonic diatom species and decrease benthic species (Rühland et al., 2008).  
Increases in nitrogen and/or phosphorus concentrations, from changes in mixing regime 
or catchment characteristics, can increase lake primary production and affect community 
structures. Rühland et al. (2008) found that diatom community composition in northern 
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lakes changed with warming temperatures beginning in the mid to late 1800s. This 
change was marked by an increase in the abundance of planktonic species, particularly 
Cyclotella species.  
Owing to the sensitivity of alpine areas to environmental change (Battarbee et al., 2002) 
and the predictions of increased warming in the western USA (in particular Utah) 
(Saunders et al., 2008), the proposed research focuses on the Uinta Mountains (Utah), 
USA. This area is an important water resource, a target wilderness area for ecological 
conservation, and used for recreational purposes. Also, the Uinta Mountains are an 
important source to the Colorado River (Woodhouse et al., 2006). Human activities such 
as land clearance, agriculture, and urbanization at lower elevations in Arizona, California, 
and Nevada State rely on the water supply from the Colorado River (Woodhouse et al., 
2006). The major river in the Uinta Mountains - The Duschesne River, is a tributary to 
the Colorado River, and 10% of the Colorado is comprised of water from the Uinta 
Mountains (MacDonald & Tingstad, 2007). 
Remote areas, such as the Uinta Mountains, tend to experience a reduced amount of 
anthropogenic disturbance, making it easier to determine how warming temperatures are 
affecting these high elevation lakes compared to lower elevation sites where human 
activities, such as land clearance, agriculture, industry and urbanization can directly 
impact lakes and mask the effects of climate change (Rühland et al., 2008). Although 
lakes in the Uinta Mountains are relatively ‘pristine’, upwind activities could potentially 
affect these lakes. Along the Wasatch Front, located approximately 100 km west of the 
Uinta Mountains, there is rapid population growth (U.S. Census Bureau Census 2000 
Summary File 1), and concomitant industrial development (Mordecai, 2008) which could 
potentially result in increased atmospheric delivery of pollutants, including nitrogen and 
phosphorus to Uinta Mountain lakes. Although atmospheric deposition monitoring 
suggests that reactive nitrogen (Nr) deposition rates in remote Northern Hemisphere lakes 
are low, more recent research combining deposition data with modeling indicates that Nr 
deposition to the Uinta Mountains could be relatively high relative to Northern 
Hemisphere lakes (Nanus et al., 2003). Changes in atmospheric deposition of nutrients, 
primarily due to agricultural intensification that began in the mid-1900s, have altered 
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Uinta Mountain lakes chemistry and biology (Hundey et al., 2014). These changes are 
considered in my research. 
In this thesis, I investigate the relationships between air and water temperature, and 
then determine how warming water temperatures affect lake properties, specifically 
nutrient concentrations, lake production and diatom community structure in the 
Uinta Mountains using a limnological monitoring and measurement approach. I will 
use a space-for-time approach, as well as interannual comparisons to investigate potential 
effects of climate change on lake ecosystems. A space-for-time approach assumes that 
high elevation lakes are distinctly different from low elevation lakes due to climate, and 
that cold, high elevation sites will eventually become more like low elevation sites with 
climate warming. A space-for-time approach must be applied cautiously as climate 
variables may not be the only factor affecting differences in high and low elevation lake 
ecosystems. This will be explored at length in my thesis. As well, catchment 
characteristics, such as vegetation cover, can also be affected by climate, and vegetation 
cover can, in turn, affect lake chemistry (e.g. Smith, 1986), but vegetation will respond 
much more slowly to climate than lake characteristics, so processes may be out of 
equilibrium with climate themselves. Continual monitoring will help distinguish direct 
and indirect climate changes at different elevations. 
1.1 Research Objectives 
Regional studies are important for alpine research as local lake-specific conditions often 
mask larger-scale climatic forcings (Magnuson et al., 1991; Livingstone, 1997). 
Mountain regions have complex topography where rapid and systematic changes in 
temperature and precipitation can occur in short distances (Becker & Bugmann, 1997). In 
some mountain regions, it has been shown that there is a relationship between elevation 
and temperature trends (e.g., Beniston & Rebetex, 1996). Research on the Swiss Plateau 
(Livingstone & Lotter, 1998) and in the Austrian Alps (Livingstone & Dokulil, 2001) 
have shown that lakes that were several hundred kilometres apart had significant 
correlations between lake surface water temperature and regional climate forcings. These 
studies also showed that with the linear decrease in surface air temperature with increased 
altitude, surface water temperature was seen to decrease. Given the importance of 
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mountain regions, and particularly water resources in alpine areas, there remains a lack of 
data that helps predict the consequences of warming climate to these important resources. 
My two main objectives are:  
Objective 1. To determine the relationship between air and water temperature and 
physical lake characteristics (ice-out and stratification) in Uinta Mountain lakes 
(Chapter 2). 
Objective 2. To investigate the relationship between temperature and catchment 
variables and chemical (nutrients and production) and biological (diatom 
community composition) properties of lakes (Chapter 3). 
To meet my first objective, I used a field-based approach to understand the relationships 
between air temperatures and thermal properties of lakes. I used tidbit HOBO data 
loggers in water of different depths and in air to record hourly temperature measurements 
to determine relationships between air and water temperature, as well as between air 
temperature, thermal stratification and ice duration. In order to distinguish ice-in and ice-
out dates, some of the tidbit HOBO data loggers recorded light intensity as well. I also 
compared onshore air temperatures determined with the data loggers to lapse-rate 
corrected air temperature records from a nearby snow telemetry (SNOTEL) site and 
Vernal Regional airport to assess the usefulness of these records as temperature records 
for specific sites.   
To meet my second objective I combined field-based research with lab and statistical 
analyses. Water chemistry (mainly nutrient and lake production variables) was 
determined from water samples collected twice a year (fall, spring) from each lake. 
Precipitation data was collected from the SNOTEL site and catchment maps were created 
using United States Geological Survey (USGS) topographic maps on ArcGIS 10.0. 
Multivariate statistics were applied to assess relationships between water chemistry and 
environmental variables. Diatoms were used because they are sensitive to environmental 
change, and research has shown changes in species composition with warming 
temperatures (Rühland et al., 2008). Diatoms were isolated from sediment samples 
collected in sediment traps, which is a reliable and inexpensive method that allowed me 
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to collect seasonal samples. Diatom species were identified and enumerated and 
statistically analyzed for relationships between changing nutrients and temperature.  
1.2 Significance of Research 
My research will further our knowledge and understanding of how mountain lakes will 
respond to future warming. By understanding the relationships between temperature and 
precipitation and the physical, chemical and biological lake properties, we can improve 
our predictions of how future climate change will affect these important ecosystems and 
resources. My research will also aid in paleoenvironmental (i.e., proxy data that can look 
at natural variability from decades to millennia) and biomonitoring research (i.e. inferring 
conditions from present organisms). This research will hopefully lead to more effective 
planning of these important water resources by aiding policymakers and resource 
managers in understanding the changes that may take place under future climate change 
scenarios.  
1.3 Thesis Organization 
Chapter 1 of this thesis introduces the thesis research, states the main research goals in 
the context of the previous literature and explains the significance of this research.   
Chapter 2 determines the relationships between air and water temperature and thermal 
properties (i.e., thermal stratification and ice coverage). Five lakes spanning an 
elevational gradient of 342 metres were monitored for four years. Air temperature was 
obtained from the Vernal Regional airport, nearby SNOTEL site and onshore temperature 
data loggers, and water temperature was measured using an array of data loggers at 
different depths. 
In Chapter 3, water chemistry was analyzed in the same five study lakes as Chapter 2 for 
any changes in nutrient concentrations between 2011-2013. Air temperature and 
precipitation records were collected from the same snow telemetry site as Chapter 2. This 
data will be used to address the question of how changing temperature and precipitation 
will affect nutrient concentration and lake production. Sediment trap samples were 
collected to determine diatom community composition and whether there were changes 
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in the composition of diatom communities in lakes at different elevations in response to 
temperature variation. Spatial (elevational) and temporal (temperature and precipitation) 
relationships with nutrients and diatom species were determined using multivariate 
statistics and Pearson correlation.  
Chapter 4 will conclude the thesis explaining the physical, chemical, and biological 
effects of warming temperature and changing hydrology on remote mountain lakes. 
Improvements to the study design and future directions are also determined.  
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Chapter 2 
2 Air and lakewater temperature relationships in the Uinta 
Mountains, Utah, USA 
2.1 Introduction 
Accurate measures of air and lakewater temperature at remote sites in mountainous 
regions are critical for paleoenvironmental and biomonitoring research objectives aimed 
at understanding the effects of climate change on lake ecosystems. In order to reconstruct 
long-term temperature records, accurate air temperature records for at least 50 to 100 
years are needed to: (1) calibrate the paleoclimate proxies (e.g., tree rings) (Stahle et al., 
1998); (2) determine the links between air and water temperature for aquatic proxies 
(Livingstone & Lotter, 1998), and (3) validate temperature reconstructions (Biondi et al., 
2006). Biomonitoring objectives for aquatic systems are often aimed at understanding the 
effects of anthropogenically-driven changes, including atmospheric pollution and climate 
change on water chemistry. With predictions of future warming, there is a need to better 
understand the links between lakewater temperature and air temperatures, which 
influences water chemistry and biota (Livingstone & Lotter, 1998).  
Air temperature is strongly dependent on topography and elevation (Rolland, 2002). Ideal 
settings for studies of the impacts of climate are mountainous areas where temperature 
and precipitation gradients are large. The links between air and lake water temperatures 
can best be understood through a lake’s heat balance. This includes (1) the absorption of 
direct and diffuse shortwave radiation from the sun and the atmosphere, (2) the emission 
of longwave radiation from the lake surface, (3) the exchange of latent heat between lake 
surface and atmosphere due to evaporation and condensation and, (4) the convective 
exchange of sensible heat between lake surface and atmosphere (Livingstone & Imboden, 
1989, Oke, 1987).  
In the upper few meters of a lake, absorption of infrared and red wavelengths is almost 
complete, so much of the incoming thermal energy is absorbed by this layer (Wetzel, 
2001). The mixed layer is generally thin and reacts quickly to any changes in the 
absorbed heat flux. Other factors, including wind, ice and snow cover, and dissolved 
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organic carbon (DOC), also affect heat exchange between air and water, and therefore 
water temperature (Wetzel, 2001). Many studies have suggested that there is a correlation 
between the air and water temperature (Shuter et al., 1983; Webb, 1974; Livingstone & 
Lotter, 1998). 
Ice-cover duration is controlled by temperature, snow cover, and winds (Duguay et al., 
2003). When the surface of a lake is frozen, the albedo on the surface is altered. This 
alteration depends on ice clarity and how much snow cover is present. Snow has a high 
albedo and reflects most of the incoming solar radiation and this decreases the amount of 
light entering a lake. Along with the changes in reflectivity, ice prevents wind-driving 
mixing of water column and also reduces the amount of nutrients entering a lake (Agbeti 
& Smol, 1995, Hausmann & Pienitz, 2009). Ice-cover also changes a lakes connection to 
the atmosphere, which decreases dissolved oxygen (DO) concentrations. In an 
oligotrophic lake, when inverse stratification occurs in the winter, the highest amount of 
DO is at the surface because water temperature is coldest right beneath the ice. 
The process of ice-out is usually rapid, taking place in only a few days in Uinta Mountain 
lakes (Katrina Moser, personal communication). Rate of ice-out usually quickens with 
strong winds. During this time, all intervals of a lake are mixed and water is near the 
temperature of maximum density (4 °C). The melting of ice and snow can keep water 
temperature well below that of air temperature for weeks or longer (Smol, 2008), but 
once ice is gone, surface water temperatures will warm quickly.  
DOC plays a fundamental role in a lake’s ecosystem. DOC is a term used to describe 
organic molecules that result from the process of leeching and dissolving organic matter 
(McKnight et al., 1997). DOC can originate from the terrestrial system, which can cause 
a lake to be “tea”-stained, or from within the lake. DOC reduces transmission of light 
entering a lake, and increases the absorption of UV in upper layers of the lake, thus 
affecting the structure and duration of lake stratification (Prairie, 2008). DOC usually 
results in a shallower thermocline (Snucins and Gunn, 2000), and reduces light at greater 
depths, and therefore, can increase heating temperature of surface waters (Schreiner, 
1984). Schindler et al., (1997) found that warmer conditions increase evaporation and 
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decrease runoff. Reduced runoff leads to less DOC entering the lake which would 
increase the transparency of lakes, and result in deeper thermoclines, deeper penetration 
of UV light and an increase in bacterial productivity.   
In the last 20-30 years, temperatures in mountainous regions in the western United States 
have risen sharply (Saunders et al., 2008). These recent increases in temperature could 
have profound effects on lakewater temperatures and lake system functioning 
(Livingstone et al., 1999; Sommaruga-Wograth et al., 1997).  
The main questions this research will address are: 
1. Is there a difference between the relationship between air and surface water 
temperature and air and deep water temperatures at remote Uinta Mountain lakes? 
How does lakewater temperature vary between years of different weather 
conditions?  
It is expected that surface lake water temperatures will follow air temperatures 
(Livingstone & Lotter, 1998). Yet, due to differences in specific heat and absorption of 
solar radiation, water is slower to heat and cool than air (Oke, 1987; Smol, 2008). As 
such, a delay between air temperature change and water temperature response could be 
expected. The relationship between air and water temperature could be expected to 
persist at depth because alpine lakes often have high transparencies, which increases solar 
heating of the hypolimnion (Wetzel, 2001). Despite this, I predict that the warming and 
cooling trends observed in the air temperature record will also be observed in the water 
temperature records. This relationship will be weakened at greater lake depths, because it 
is harder for solar radiation to reach the deeper layers and there is a greater disconnect 
between the surface air and deeper waters, particularly during thermal stratification. This 
relationship will also be affected by lake water transparency and factors that affect 
transparency (i.e., DOC) (Sharma et al., 2008).  
2. How does the duration of ice-cover and thermal stratification in alpine lakes vary 
at different elevations and between years with different temperatures?   
 16 
 
Ice and snow cover on lakes affects the quantity and quality of solar radiation received by 
a lake. As ice or snow cover has a high albedo, it reflects most incoming solar radiation. 
With increased air temperatures, the ice and snow begin to melt, which results in greater 
light penetration (Smol & Douglas, 2007). Shorter duration of ice-cover and earlier ice-
off dates will result in longer stratification time. My hypothesis is that, with warming air 
temperatures, onset of thermal stratification in alpine lakes will begin earlier, and 
therefore, thermal stratification will become stronger and persist longer, creating larger 
temperature differences between layers. Because the duration of stratification is so 
critical to the chemistry and biota of lakes, less snow and ice, and increased stratification, 
as a result of warming temperatures, could lead to profound changes to lake ecosystems 
(Smol & Douglas, 2007).   
3. How does water temperature vary between lakes of different elevations?   
Depending on the elevation of the lake and the angular height of the sun, the amount of 
radiation received will differ. Other factors that could affect water temperatures and lake 
stratification include, wind, vegetation cover, ice-cover, and the overall topography of the 
lake. In the Swiss Alps, surface water temperatures were shown to decrease with 
elevation (Livingstone et al., 1999). Livingstone et al., (2005) also found that surface 
water temperatures in low elevation lakes were strongly correlated with air temperature, 
but this relationship weakened with lakes at higher elevation due to changes in 
microclimate (e.g., local wind conditions). I hypothesize that lakes at lower elevation will 
have warmer water temperatures than lakes at higher elevation. Water temperature at 
depth, however, may not differ between lakes because water at depth are not exposed to 
as many factors (e.g. air temperature, solar radiation) as epilimnetic waters.   
2.2 Study Area 
The Uinta Mountains are located in northeastern Utah, roughly 160 km east of Salt Lake 
City, USA (Figure 2.1). They are situated 40° 46’ 34”N to 110° 22’ 22”W, near the Utah-
Colorado and Utah-Wyoming borders. Unlike the Rocky Mountains of western North 
America which are oriented north to south, the Uinta Mountains trend east to west. The 
Uinta Mountains were chosen because of the significant climate gradients, but also 
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because it is relatively easy to access the many lakes that have had little direct human 
impact in the study lake catchments. The Uinta Mountain lakes were mainly formed by 
past glacial processes. There are cirque lakes at high elevations, and many lakes at high 
and mid elevations have formed in depressions dammed by moraines. At lower elevation 
sites, there are many kettle lakes.  
Owing to an east to west orientation and steep elevational gradients, climate for the Uinta 
Mountains is variable. Precipitation increases with elevation, and the western half of the 
range receives approximately twice the yearly precipitation compared to the eastern side 
due to the orographic uplift of humid air from the west (Munroe & Mickelson, 2002; 
MacDonald & Tingstad, 2007). Vegetation varies as a result of these climatic differences, 
and vegetation zones are similar to those for other areas in the Intermountain West 
(Cronquist et al., 1972). In the Uinta Mountains, mid-elevations are mainly composed of 
forests and woodlands, which include many different tree species, such as Picea 
engelmannii (Englemann spruce), Pinus (pine), and Abies (fir), and high elevation sites 
are characterized by alpine tundra vegetation.  
The sites were selected to be representative of a range of elevations, but relatively close 
to each other to simplify logistics. These sites span an elevational gradient from 3072 
(closed coniferous forest) to 3414 (alpine tundra) m a.s.l. (Table 2.1). All of the study 
lakes are situated on the south side of the Uinta Mountains except Jessen Lake. The north 
side receives more precipitation than the south side of the mountain, so Jessen Lake was 
chosen to see if there are any differences with the lakes on the south side.  
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Figure 2.1. Map of the location of the Uinta Mountains in Utah, USA (A). Topography of the Uinta 
Mountains with the locations of the five study lakes and the SNOTEL Chepeta site (B). 
The five study lakes varied in area (Table 2.1) and vegetation (Figure 2.2). Two of the 
study lakes are considered high elevation, defined in this study as >3200 m a.s.l. (Taylor 
and Walk-Up Lakes), whereas three are considered low elevation, <3200 m a.s.l. (Jessen, 
Hidden, and Larvae Lakes). The catchments of the high elevation sites are predominately 
comprised of talus slopes and boulder-ridden shorelines, whereas the catchments of the 
low elevation sites are characterized by closed forest and shrubs (Figure 2.2). Walk-Up 
Lake is located in a steep-sided cirque with no surface inflow other than from snow melt, 
and no obvious surface outflows at lower water levels. During ten years of observation, 
despite its lower elevation relative to the other high elevation site (Taylor Lake), Walk-
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Up Lake has the most severe weather, which is frequently characterized by high winds 
and stormy conditions. 
Table 2.1. Location, depth, and area of Taylor, Walk-Up, Jessen, Hidden, and Larvae Lake. All lakes 
are dimictic except for Walk-Up Lake due to the differences in microclimate.  
Lake Latitude & Longitude Elevation 
(m) 
Depth  
(m) 
Area  
(ha) 
Taylor N 40° 47’ 13.40” 
W 110° 5’29.24” 
3 414 9.7 9 
Walk-Up N 40° 48’41.32” 
W 110° 2’16.95” 
3 392 22.3 7 
Jessen N 40°40’49’50.7” 
W 110° 1’7.94” 
3 186 17 9.7 
Hidden N 40° 44’39.86” 
W 110° 1’57.53” 
3 158 15.7 5.3 
Larvae N 40°40’40’30.6” 
W110° 2’18.21” 
3 072 8.2 2.2 
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Figure 2.2. (A) Taylor Lake June 2013 looking west from east of the lake. (B) Walk-Up Lake June 2013 
looking from the north towards the south side. (C) Jessen Lake June 2013. (D) Hidden Lake June 2013 
looking from the SE end to the NW. (E) Larvae Lake June 2013. 
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2.3 Methods 
In North America, air temperature data are not typically available at remote mountain 
sites. Owing to the paucity of long-term air temperature data, temperatures for these sites 
are often estimated using lower elevation data sites and calculated lapse rates. Air 
temperature records were retrieved from the Vernal airport (1609 m) through the National 
Climatic Data Center online site 
(http://cdo.ncdc.noaa.gov/pls/plclimprod/cdomain.dateoutmode) and the Chepeta snow 
telemetry site (SNOTEL) (http://www.wcc.nrcs.usda.gov/snotel/Utah/utah.html) located 
at 3228 m a.s.l. There were missing temperature measurements in the Vernal data set, 
which could reduce accuracy of the averaged values. The SNOTEL site was used to 
retrieve air temperature and average accumulated precipitation data. The SNOTEL site 
has been recording data since 1980 and was chosen due to the close proximity to the 
study lakes. Vernal airport was chosen because it is the second closest temperature 
recording site that is not a SNOTEL site in the area.  
Temperature lapse rates were calculated using the SNOTEL and airport records. The 
environmental lapse rate was computed for each of the four study years (2010, 2011, 
2012 and 2013) using the following equation: 
                                                      LR = (∆T x 1000) / ∆E           (1) 
Where LR = environmental lapse rate, ∆T = the average difference in daily average 
temperature between the Vernal and SNOTEL site, and ∆E = difference in elevation 
between sites in metres. A temperature correction, based on the calculated lapse rate and 
the elevation difference between each lake and the SNOTEL station (Appendix A) was 
added/subtracted to the SNOTEL data to provide an air temperature record 
representative, but independent, of the data logger air temperature measurements made at 
each lake.   
Hourly air temperature data was collected using onshore data loggers (Onset Hobo 
Pendant temperature/light (UA-002-64), accuracy of ± 0.53°C from 0° to 50°C, 
http://www.onsetcomp.com/products/data-loggers/ua-002-64) for each site. The hourly 
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data was averaged to provide a daily temperature in order to compare to the other air 
temperature records.  
Hourly water temperature and light data for each lake were collected using HOBO Water 
Temperature Pro v2 (accuracy of ±0.21°C from 0° to 50°C, 
http://www.onsetcomp.com/products/data-loggers/u22-001) and Optic StowAway 
Temperature data loggers (accuracy of ±0.4° at 20°C, 
http://www.onsetcomp.com/products/data-loggers/tbi32-2050). These data loggers were 
hooked onto 100 pound steel fishing lines placed at intervals using fishing swivels 
(Figure 2.3, 2.4). Intervals were selected to capture data from depths where temperature 
change was observed to be most rapid using measurements obtained from an Insitu Troll 
9500 Multiparameter Probe Hydrolab (Table 2.2). The Hydrolab was used to measure 
temperature, as well as dissolved oxygen at each lake to verify data logger data for the 
date deployed and retrieved. The data logger system was anchored to a cement brick and 
lowered into the water at the deepest part of the lake, assumed to be the center (Figure 
2.3). Three lakes (Larvae, Hidden, and Taylor Lake) had four years’ worth of data (2010-
2013). Walk-Up Lake is missing 2010 and Jessen Lake started data collection in 2012. 
Ice-in and -out dates were determined using water temperature (when all layers were near 
0 °C) and light intensity data (0 lux) from data loggers. Field notes and pictures were also 
used for ice-in and ice-out dates. Stratification dates were determined when the top and 
bottom layers of a lake had at least 6 °C difference. A lake was fully mixed when top and 
bottom columns were less than a 2 °C difference. These differences were selected to stay 
consistent with the US Forest Service’s protocols.  
Water temperature profiles of each lake were plotted and surface water (between 0.5 m to 
2 m) temperatures of each lake were compared to determine any differences between 
sites of different elevations. Based on previous hydrolab measurements, the upper 0-2 m 
was known to be well mixed for all lakes. Owing to various logistical constraints, surface 
temperatures were collected from 0.5-2 m. For example, surface depths were lowered to 
accommodate ice during the fall and winter months. Deep water (6 m, 8 m) temperatures 
were also plotted to compare water temperature at depth. For Jessen Lake, the initial set 
up of data loggers were the same as the others, but due to logistical complications, the 
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data loggers were placed at different intervals compared to the other lakes’ set up. 
However, the intervals were still comparable. From Hydrolab measurements, the first 2 
metres of the lake are known to be well mixed, so temperature measurements from 1-2 m 
at depth were used to compare surface water temperatures between lakes. For deep water 
temperatures, 6-8 m at depth were very similar in temperature as well, so we can compare 
temperature measurements from 6-8 m for deep water temperature.  
Table 2.2. Intervals the data loggers were placed in each lake. Approximately 28 data loggers were 
used. 
Lake Summer Intervals (m) Winter Intervals (m) 
Taylor 1, 2, 5, 6, 8 2, 5, 6, 8 
Walk-Up 1, 3, 4, 6, 8, 10, 12, 14, 20 NA 
Jessen 2, 4, 8, 14 2, 4, 8, 14 
Hidden 1, 3, 6, 9, 14 1.5, 3.5, 6.5, 9.5, 14 
Larvae 0.5, 1.5, 2, 4, 6 1.5, 2.5, 4.5, 6.5 
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Figure 2.3. Water temperature and light data loggers set up in each lake.  
 
Figure 2.4. Photo showing fishing swivel attached to 100 lb fishing wire. Data loggers were secured 
using fishing swivels. The second line observed provides back up in case one of the lines fail.  
DOC was determined from water samples that were collected twice a year (fall, spring) at 
each site. Water was collected in polyethylene Nalgene® sample bottles. Samples were 
taken 0.5 m below the surface of each lake and kept cool in the field until returned to the 
Ashley Forest Service Laboratory. The samples were filtered, immediately frozen, and 
sent to the Chesapeake Biological Laboratory in Maryland University to be analyzed. 
High temperature combustion (680 °C) was used to determine DOC using a non-
dispersive infrared detector. Details of the lab methods are available at 
http://nasl.cbl.umces.edu/. Secchi depths were also taken to record how transparent the 
lakes were and to compare with DOC levels.   
 25 
 
2.4 Results 
This is a data-rich thesis with large data sets from each of five lakes. In many cases the 
results from different lakes were similar, so data from only one lake is shown in the 
thesis, and the other plots are included in the appendix. This was done to avoid repetition 
and follow more closely to journal requirements.  
The calculated lapse rates for the region between Vernal regional airport and the Chepeta 
SNOTEL site in the Uinta Mountains ranged from 6.8-16.7 °C/1000 m, although for all 
years except 2011 the lapse rate was approximately 16 °C/1000 m (Table 2.3). 
Comparisons between the Vernal airport and the SNOTEL temperature data showed that 
the Vernal and SNOTEL data showed similar trends, but for 2010, 2012 and 2013, the 
SNOTEL corrected data overestimated Vernal temperatures, and for 2011, the SNOTEL 
corrected data underestimated the Vernal temperatures (Appendix B). Although both 
temperature records showed similar trends, the Vernal record had up to 20% of missing 
data so the SNOTEL data, which was complete and also more proximal to the study sites, 
was used for subsequent comparisons to the onshore data loggers.  
The values used to correct the SNOTEL temperatures to each lake site were negative for 
all the high elevation sites and positive for the low elevation sites (Table 2.4). In all 
years, the SNOTEL corrected temperature tracked the trends of the onshore data loggers 
(Figure 2.5, Appendix C, D). 2013 was chosen as an example (Figure 2.6), as all years 
show the same trend (Appendix C, D). In all years, comparisons of corrected SNOTEL to 
onshore data loggers showed that the SNOTEL data consistently underestimated the 
onshore data logger temperatures, except for Larvae Lake in 2013 (Figure 2.5, Table 2.5, 
Appendix C, D). The magnitude of the difference between the corrected SNOTEL data 
and the onshore data loggers was also consistently greater at the high elevation sites 
(Table 2.5).  
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Table 2.3. ∆T is the change in temperature (based on an average difference between daily measures at the 
two sites) that occurred across that elevation. 
Year ∆T (°C) Lapse rate 
(°C/1000m) 
2010 27.1 16.7 
2011 11.0 6.8 
2012 25.2 15.5 
2013 25.4 15.7 
Table 2.4. Temperature corrections used on the SNOTEL temperature data to compare to each lake and 
year. Elevation differences were used between the lake and SNOTEL site (Appendix A) and the lapse rate 
for the given year (Table 2.5). Taylor Lake 2010 and Jessen Lake 2010 and 2011 were not calculated 
because there were no corresponding water temperature profiles.  
Lake 2010 (°C) 2011 (°C) 2012 (°C) 2013 (°C) 
Taylor Lake n/a -1.26 -2.88 -2.91 
Walk-Up Lake -2.74 -1.12 -2.55 -2.57 
Jessen Lake n/a n/a 1.03 1.04 
Hidden Lake 1.18 0.48 1.10 1.11 
Larvae Lake 2.61 1.06 2.43 2.45 
Table 2.5. Average annual temperature difference between SNOTEL corrected temperature data and the 
onshore data loggers. 
Lake Average temperature difference between SNOTEL Lapse Rate Corrected 
and Onshore Temperature  (°C) 
 2011 2012 2013 
Taylor Lake n/a -4.9 -4.7 
Walk-Up Lake -3.9 -5.0 n/a 
Jessen Lake n/a -1.5 -0.5 
Hidden Lake -2.7 -1.8 -0.7 
Larvae Lake -2.9 n/a 1.6 
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Figure 2.5. Taylor, Jessen, Hidden, & Larvae Lake data logger onshore temperature and SNOTEL 
corrected temperature data, 2013. Walk-Up Lake data for 2013 is not available due to logistical 
problems.  
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Average air temperature and precipitation calculated data showed that 2010 and 2011 had 
cooler summers and winters than 2012 and 2013, and that 2011 was the coldest and 
wettest year (Table 2.6). The average summer air temperature difference between cold 
and warm years was 1.2°C. The average surface water temperature difference in the 
spring/summer (Table 2.7), between the colder years (2010 and 2011), and the warmer 
years (2012 and 2013), was 1.6 °C. 
Table 2.6. Average summer and winter temperature (°C) and accumulated precipitation (mm) from 
SNOTEL Chepeta. Winter averages were calculated between October 1-May 31 and summer averages 
were between June 1- September 30. 
 Average Temp (°C) Accumulated Precipitation (mm) 
Winter 2010 -4.6 475 
Summer 2010 9.5 206 
Winter 2011 -4.0 831 
Summer 2011 9.1 290 
Winter 2012 -2.9 424 
Summer 2012 10.6 173 
Winter 2013 -3.7 432 
Summer 2013 10.1 239 
 
Table 2.7. Average spring/summer surface water temperature for all study lakes. All surface measurements 
were recorded between 0.5 m to 2 m in depth. Averages were taken from all dates available between June 
1-Sept 30. NA indicates years with large amounts of missing data due to logistical problems (lost data 
loggers due to storms or tampering) or years that data collection had not started yet (Jessen Lake). 
Lake 2010 
( C) 
2011 
( C) 
2012 
( C) 
2013 
( C) 
Average for warm years 
minus average for cool years 
( C) 
Taylor (1 m) NA 11.2 12.9 13.1 1.8 
Walk-Up (1 m) 7.9 7.7 10.3 9.8 2.3 
Jessen (2 m) NA NA 14.0 13.6 NA 
Hidden (1 m) NA 14.7 15.2  15.3  0.4 
Larvae (0.5 m) 16.3 12.0 16.4 NA 2.0 
Average     1.6 
Water temperature profiles of Taylor, Walk-Up, Jessen, Hidden, and Larvae Lake 
provided information about the onset and termination of stratification, overturn, and ice-
in and -out dates, as well as the relationship between elevation and lake water 
temperature (Figure 2.6, Appendix E-H). Estimates of timing of these important dates are 
provided in Table 2.8, with ice-in and ice-out dates also determined when available with 
light sensor data and field observations.  
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Owing to logistical challenges and not always having data loggers deployed at the right 
time, ice-in and ice-out dates are not consistently available, and Table 2.8 is incomplete. 
However, some idea of differences between sites of different elevations and between cold 
and warm years can be gleaned. There are differences in ice-out dates across elevation. In 
2012, ice-out at Larvae and Hidden Lake (low elevation) was April 24 and May 13, 
respectively, compared to June 7 at Taylor Lake (high elevation). This shows that sites 
with approximately 2.9˚C difference in average annual temperature (calculated from 
Table 2.6), can have ice-out dates of a month difference. Ice-out dates are four to five 
weeks earlier in warm years than cold years based on data from Taylor and Walk-Up 
Lakes, respectively. There was insufficient data to determine whether ice-in dates were 
different between low and high elevation lakes or between cold and warm years.  
The onset of stratification was four to five weeks earlier in 2012 (warm) compared to 
2011 (cool) for Taylor, Walk-Up, and Larvae Lake. The onset of stratification is between 
three and five weeks earlier for Larvae (low elevation) compared to Taylor Lake (high 
elevation) for 2011 and 2012, respectively. Fall overturn occurred three to six weeks 
earlier in Taylor Lake than Larvae or Hidden Lake in 2011 and 2012, respectively. 
However, Walk-Up Lake overturned about four weeks later in 2012 compared to 2011.  
 
  
 
Table 2.8. Approximate ice-in, ice-out, stratification, and mixing dates for each lake. IO means ice-out, II means ice-in, OOS means onset of stratification, 
and M means mixing. Some ice-in and ice-out data were from field notes and pictures taken in the field. 
 2010 Spring 2010 Fall 2011 Spring 2011 Fall 2012 Spring 2012 Fall 2013 Spring 2013 Fall 
Taylor 
Lake 
NA NA IO - last bit of 
ice July 3 
OOS - July 18 
 
II - After Sept 
18 
M - Sept 17 
 
IO - Before 
June 7 
OOS - June 19 
 
II - Oct 26 
M - Aug 24 
 
IO - Before 
June 13 
OOS - Before 
June 17 
 
II - After Sept 
24 
M - Sept 17 
  
Walk-
Up 
Lake 
 
IO – NA 
OOS Aug 25 
 
II – NA 
M - After Sept 
20 
 
IO - last bit of 
ice July 7 
OOS – Aug 7 
 
II - After Sept 
20 
M - Aug 31 
 
IO - last ice 
June 8 
OOS - July 
11 
 
II - after Sept 
26 
M - Sept 26 
 
IO - Before 
June 15 
OOS - July 6 
 
II - After Sept 
21 
M - Sept 21 
 
Jessen 
Lake 
NA NA NA NA IO - ice free 
before June 13 
OOS - Before 
June 13 
 
II - after Aug 
29 
M - Oct 12 
 
IO - Before 
June 17 
OOS - June 8 
 
  
II - After Sept 
14 
M - After Sept 
14 
 
Hidden 
Lake 
Fully stratified 
during 
collection 
NA IO - before June 
29 
OOS - after Sept 
21 
NA Data loggers 
lost 
IO – last ice 
May 13 
OOS - before 
June 7 
 
II - after Sept 
25 
M - Oct 19 
 
IO - Before 
June 10 
OOS - Before 
June 10 
 
 
II - After Sept 
24 
M - After Sept 
24 
 
Larvae 
Lake 
Fully stratified 
during 
collection  
II – NA 
M - After Sept 
21 
 
IO - before June 
27 
OOS - June 28 
 
II - Nov 4 
M - Oct 6 
 
IO - Apr 24 
OOS - May 13 
 
NA dataloggers 
tampered with 
IO - Before 
June 10 
OOS - June 10 
 
II - After Sept 
28 
M - After Sept 
28 
 
3
0
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Figure 2.6. Taylor Lake Water Temperature Profiles of Spring 2011-2013. Arrows indicate when the 
lake fully mixed and the onset of stratification.  
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Surface water temperatures from 2011, 2012 and 2013 for Larvae, Hidden, Jessen, Walk-
Up, and Taylor Lake were compared (Figure 2.7, Appendix I). In 2012, Larvae Lake’s 
1.5 metre data logger was tampered with, hence the missing data after August 8 
(Appendix I). Contrary to expectations, Taylor Lake did not possess the lowest surface 
water temperature, despite being located at the highest elevation; instead Walk-Up was 
the coldest. As expected, Larvae Lake had the warmest surface water temperature in all 
three years 
Water temperatures at six meters at Larvae, Hidden, Jessen, Walk-Up, and Taylor Lake 
and eight metres at Jessen Lake were examined to assess differences between 
temperatures at depth (Figure 2.7, Appendix J). Taylor Lake, the lake at the highest 
elevation, had temperatures greater than any other lake, whereas Larvae Lake, the lowest 
elevation lake, had the coldest deep water temperatures. Heating at depth was greater in 
both 2012 and 2013, compared to 2011.  
DOC values were greater in Larvae and Hidden Lake than either of the higher elevation 
sites (Table 2.9). Secchi depths were similar across all lakes.  
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Figure 2.7. Surface and deep water temperature profiles in 2013. 2011 and 2012 data are available in 
Appendix I and J. 2010 data was not available due to faulty data loggers.  
Table 2.9. Average dissolved organic carbon (DOC) values and average Secchi depths from 2011-
2013. All DOC and Secchi depth values are available in Appendix K.  
Lake Average Dissolved 
Organic Carbon 
(DOC) μg/L 
Std. dev. DOC 
ug/L 
Average Secchi (m) Std. dev. Secchi 
(m) 
Taylor 3.3 (n=4) 
1.0 (n=3) 
2.4 (n=3) 
6.5 (n=4) 
9.1 (n=4) 
3.0 2.6 (n=6) 1.1 
Walk-Up 0.1 2.9 (n=5) 1.2 
Jessen 0.4 3.7 (n=3) 0.6 
Hidden 1.5 3.9 (n=6) 0.5 
Larvae 0.6 3.1 (n=6) 0.9 
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2.5 Discussion 
2.5.1 Calculating lapse rates and using airport and SNOTEL temperature 
data set as a proxy for temperature at remote high elevational sites 
Generally, SNOTEL and Vernal airport showed similar air temperature trends to each 
other, and SNOTEL showed similar air temperature trends to the lake sites. Therefore, 
SNOTEL and Vernal data can serve as a proxy record of temperature trends at alpine 
sites. However, SNOTEL corrected overestimated Vernal temperatures in 2010, 2012, 
and 2013 and underestimated temperatures in 2011. It is unclear as to why this is, but it 
may be due to non-linear changes in lapse rates across elevation and weather conditions.  
SNOTEL corrected data underestimated onshore data logger temperatures, except for 
Larvae Lake in 2013, where it overestimated data logger temperatures. Without 
additional sites to improve the calculations of lapse rates, SNOTEL and Vernal 
temperature data will be poor estimates of absolute temperature values at lake sites. The 
larger differences between SNOTEL corrected and higher elevation sites compared to 
lower elevation sites were likely due to variations in lapse rates at different elevations, 
with the lapse rate determined using just the two locations (SNOTEL and Vernal) being 
closer to the real lapse rate at lower elevation sites. Again, the only way to test this would 
be with additional air temperature sites. There are currently no direct solutions to 
accurately predict lapse rates and continued research has been done to improve accurate 
predictions (Stahl et al., 2006). Weather stations in mountainous regions are sparse, 
especially at high elevations, so accurate predictions have been a consistent problem 
(Carrega, 1995).  
As suggested above, the best way to improve my estimates of lapse rate would be to have 
additional sites. I attempted to improve the accuracy of the lapse rate calculations by 
calculating daily lapse rates and then determining an average of these, but clearly our 
estimates still lacked accuracy. Couralt and Monestiez (1999) addressed variations in 
lapse rates under different meteorological conditions in southern France by calculating 
daily lapse rates, but found it did not improve prediction accuracy.     
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Lapse rates from 2010-2013 ranged between 6.8-16.7 °C/ 1000 m. The lapse rate values 
for 2010, 2012, and 2013 ranged from 15.5-16.7 °C/ 1000 m, which is greater than the 
normal lapse rate (i.e., under normal atmospheric conditions, the average global lapse 
rate) of 6.4 °C /1000 m. It is also greater than the dry adiabatic lapse rate (9.8 °C/1000 m, 
which is the average lapse rate for conditions when relative humidity is not 100%). 
Generally, reported lapse rates for mountainous regions are lower than what I have 
reported; 6.0 or 6.5 °C/1000 m (Running et al., 1987; Dodson & Marks, 1997). Recent 
research in the Cascade Range calculated lapse rates ranging from 5.4 °C to 9.3 °C/1000 
m (Minder et al., 2010) and in the Swiss Alps ranging from 5.1 °C to 12.6 °C/1000 m 
(Livingstone et al., 2005). However, both of these mountain ranges are much wetter than 
the Uinta Mountains (Barsch & Caine, 1984), which may explain the higher lapse rates in 
my study. Perhaps the unusually dry conditions in these years explains the high lapse rate 
values. Total annual precipitation ranged from 597-681 mm in 2010, 2012, and 2013, 
whereas in 2011 it was 1121 mm (calculated from table 2.6). The lapse rate in 2011 was 
lower due to the wetter conditions, and is more typical of what has been previously 
reported in alpine regions.    
2.5.2 Variations of ice-out and onset of stratification between lakes of 
different elevations and years 
With approximately 1°C warmer average air temperatures in 2012 and 2013 compared to 
2011, ice-out was four to five weeks earlier than in 2011. Ice-out dates were four weeks 
earlier in Hidden and Larvae Lakes (low elevation lakes) compared to Taylor Lake (high 
elevation lake). Earlier ice-out dates at lower elevations were expected owing to warmer 
air temperatures at these sites. Magnuson et al. (2000) compiled a historical time series of 
ice-cover that showed earlier ice break-up and later freezing in all Northern Hemispheric 
lakes in the past 150 years. Other research has attempted to quantify such changes and 
suggests that with every degree C of warming at higher latitude lakes, ice-out dates have 
occurred 4-7 days earlier in the Canadian Arctic (O’Neill et al., 2001). My results 
indicate more dramatic shifts in ice-out dates with warming, and it could be due to the 
differences in snow cover between alpine and arctic environments. More snow in the 
arctic can insulate and prevent ice from forming on lakes.  
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Changes in the timing of ice-out influences the physical and chemical limnology of lakes, 
but also the biology of lakes. With the earlier ice thaw, the absorption of solar radiation 
by the lake increases (Duguay et al., 2003), and also extends lake mixing, oxygen uptake, 
nutrient inflow, and phytoplankton growth (Schindler et al., 1990). During the increased 
open water season, planktonic algal taxa will become abundant (Smol & Douglas, 2007). 
Other than affecting species composition, the overall algal production will be influenced 
as well. Increased light penetration during periods of shorter ice-cover on lakes can be 
found to directly affect productivity and reproduction of diatoms (Sorvari et al., 2002). 
Not only will the littoral zone be available for algal growth, but deeper open-water 
habitats will also be available. Lotter and Bigler (2000) found that planktonic diatoms 
bloom during and after ice break-up, which shows that plankton development is strongly 
inhibited by ice-cover. Based on previous literature, the earlier ice-out dates I reported for 
the warmer years (2012 and 2013) could also cause marked ecological changes and a 
modification of the entire ecosystem.  
Water temperature profiles of the study lakes provided information on the onset and 
termination of stratification. When data was available it showed that lake stratification 
occurred earlier in both 2012 and 2013 (warmer years) compared to 2011 (colder year). 
Fall mixing was generally later in 2012, but around the same time in 2010, 2011, and 
2013. During the warmest year (2012), lake water stratification became more prolonged 
and stronger, resulting in later overturn. Earlier onset of stratification in low elevation 
lakes compared to high elevation lakes was expected as Hidden Lake and Larvae Lake 
sites experienced warmer air temperatures than Taylor Lake and Walk-Up Lake sites. 
Several studies have documented earlier onset of stratification with warming 
temperatures (King et al., 1999; Robertson et al., 1992). Earlier stratification can have 
ecological importance because it determines the layer that limits nutrient cycling between 
water columns and restricts the vertical distribution of biota in the lake (Schindler et al., 
1996).  
Walk-Up Lake was characterized by two mixing events in 2010 and 2012, illustrating the 
dynamic nature of exposed high elevation sites. Unlike any of the other lakes, Walk-Up 
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Lake mixed much later in 2012 compared to 2011, and this may be due to the effects of 
microclimate (e.g. exposure to wind) at this site.  
2.5.3 The relationship between air and water temperature 
Air and near-surface water temperatures followed similar trends, but there was little 
relationship between water below two metres and air temperatures. In 2011, surface water 
temperatures were colder than surface water temperatures in 2012 and 2013 due to colder 
conditions. Livingstone (2003) found air temperature to correlate with surface water 
temperature (2.5 m) in the Swiss Alps, and Rempfer et al. (2010), who also did a study in 
Switzerland, similarly showed correlations between surface water and air temperatures.  
Differences in heating at depth were surprising because it has been suggested that only 
the epilimnion of a lake responds to meteorological forcings, but below the thermocline, 
the water column is less susceptible to weather conditions (McCombie, 1959). During 
lake mixing events, there are low variances in temperature in deep water. However, in 
this case, warming air temperatures affected water temperature down to 6 m at depth 
(below the thermocline) in the study lakes. Livingstone (1993) measured deep water 
temperature in the Swiss Alps and found deep water warming to occur in the 
spring/summer months due to warmer winters. With years of warming episodes in the 
Swiss Alps, Livingstone (1993) suggested that winter thermal mixing is suppressed 
because of downward heat transport to the hypolimnion.  
Water is slower to heat and cool because of differences in specific heat and absorption of 
solar radiation (Oke, 1987; Smol, 2008). This property is apparent in comparisons of air 
and water temperatures at my study lakes. In the spring and early summer, water 
temperatures were cooler than air temperatures, but in the late fall and summer, water 
temperatures were warmer than air temperatures. Similarly, in Lake Zürich, maximum 
water temperatures occurred during late fall, and minimum temperatures occurred in 
March (spring), regardless of whether it was a cold or warm year (Livingstone, 2003). 
Ohlendorf et al. (2000) found epilimnetic water temperatures to experience a 15 day lag 
time in relation to air temperatures. It is hard to say exactly how much of a delay there 
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was in the study lakes, and the lag varied for different lakes, probably due to the 
microclimate of each site (Figure 2.6, Appendix E-H) 
2.5.4 Relationship between air, surface, and deep water temperatures 
with elevation 
As expected, surface water temperatures generally decreased with increasing elevation 
(Figure 2.7, Appendix I). Recent studies have also reported warmer surface water 
temperatures at lower elevations (Hobbie et al., 1999; Livingstone et al., 2005). Taylor 
Lake, was the exception, as it was warmer than Walk-Up Lake despite being at a higher 
elevation. This was likely due to Walk-Up Lake being a very exposed site that 
experiences intense winds and mixing. Livingstone et al. (2005) also found that the 
exposure to wind and differences in topographic shading at one of their study lakes was 
colder than expected despite the lake’s relatively low elevation. This trend reversed with 
deep water temperatures; with increased elevation, deep water temperatures increased 
(Figure 2.7, Appendix J). There are two possibilities for this. One is that the negative 
relationship between elevation and deep water temperature is the result of the downward 
convective mixing of heat that is possible at low air temperatures, but is inhibited by 
thermal stratification that occurs at warmer temperatures (Livingstone et al., 1993). The 
second is that it is related to the concentration of DOC and lake water transparency. 
Typically, alpine lakes with little catchment vegetation are dilute, have low DOC and 
high transparencies, which increases solar heating at depth (Wehren et al., 2010). Lower 
elevation sites are surrounded by closed canopy forests, and therefore characterized by 
greater concentrations of DOC. In low elevation Uinta Mountain sites, high DOC values 
likely reduced solar light penetration and caused water at six metres to be colder than in 
Taylor Lake, which is at a higher elevation. Despite differences in DOC values, however, 
all lakes had similar Secchi depths (2.5-3.9 m) suggesting that lake transparency was not 
only affected by DOC (Table 2.9). Other variables that can affect lake transparency are 
algae, other terrestrial organic matter and silt-sized inorganic material from the 
surrounding exposed talus slopes. In Walk-Up and Taylor Lake, inputs of silt from the 
surrounding talus slopes could have reduced Secchi depths, but have less effect on 
absorption than DOC. If the first suggestion is correct, then with warmer temperatures we 
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might expect to see the relationship between air and deep water reverse. Determining the 
links between climate change, DOC concentrations and lake inputs are complex. It is 
generally accepted that increased runoff leads to increased DOC concentrations 
(Schindler et al., 1997). In alpine areas such as the Colorado Rocky Mountains (Boyer et 
al., 1997) and Alberta (Weidman et al., 2014), DOC values were seen to rise due to 
increase in snowmelt. In my study, DOC concentrations were higher in the low elevation 
sites, and this can be attributed to warmer temperatures at low elevation sites compared to 
high elevation sites, that are increasing snowmelt and run-off.  
DOC is also related to vegetation cover and type. The elevation of treeline in alpine 
regions may increase in altitude due to warming temperatures (IPCC, 2001). If this 
happens in the Uinta Mountains, the lower elevation vegetation in the Uinta Mountains 
that is mostly comprised of conifers may begin to dominate in higher elevation sites. 
Moen et al. (2004) used a digital elevation model to simulate changes in treeline in the 
Swedish Mountains in response to climate change. Results showed treeline to advance 
upward of 233-667 metres in elevation. If this happens in the Uinta Mountains, the DOC 
concentrations may increase dramatically. Increased DOC will likely decrease lake 
transparency, which will decrease the amount of light reaching greater depths, and 
therefore, increase heating of the epilimnion of a lake.  
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2.6 Conclusions 
This study has shown that: 
1) SNOTEL Chepeta site and Vernal airport generally provide accurate 
representation of air temperature trends 
The findings suggest that both Vernal and SNOTEL lapse rate corrected air temperature 
data are generally representative of temperature trends at remote sites. However, these 
records may not accurately represent absolute temperature values.   
2) In all lakes (low and high elevation), warmer air temperatures resulted in: 
a. Warmer surface waters 
b. Earlier onset of thermal stratification 
c. Heating at greater depth 
d. Earlier ice-out dates 
These physical changes in mountain lakes can result in ecological shifts and a 
modification of the entire lake ecosystem. The above findings have implications on how 
recent warming may have consequences on the biology and biodiversity of mountain 
lakes.  
3) There was a relationship between air temperature and near surface water 
temperature (< 2 metres at depth). There were temporal variations though, with a 
lag time in heating and cooling with water compared to air. High elevation lakes 
were warmer at depth and cooler at the surface than low elevation lakes. The 
concentration of DOC likely played an important role in this relationship. DOC in 
surface waters may have increased absorption of light leading to higher 
temperatures at the surface and reduced heating at depth.  
These results help predict how lakes will respond in the future if air temperatures 
continue to increase. With continual warming air temperatures, lakes are expected to have 
longer and more stable thermal stratification and shorter ice-cover that will create an 
environment that could change the overall primary production from benthic to planktonic 
species that could decrease species diversity in mountain lakes (Lotter & Bigler, 2000).  
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Chapter 3 
3 Physical, chemical, and biological characteristics of Uinta 
Mountain lakes, Utah, USA: A consideration of potential 
effects of warming temperatures on alpine lakes 
3.1 Introduction 
The Intergovernmental Panel on Climate Change (IPCC) has found with “high 
confidence” that mountainous regions are among the most vulnerable to climate 
warming. Projections have shown that annual temperatures in the Western USA will 
increase 2-5°C in the 21st century (Battarbee et al., 2002). Warming temperatures have 
already resulted in decreased snowfall and snowpack in mountainous regions, which in 
turn affects water availability in the west (Wise, 2012). This is exacerbated by increased 
evaporation (Saunders et al., 2008). Relatively few studies have investigated the 
relationship between warming temperatures, thermal properties of lakes, reduced inflows 
and nutrient concentrations in alpine settings (Livingstone et al., 2005). Yet, there needs 
to be a better understanding of the links between these variables because the changes 
could potentially affect a lake’s biota. 
Warming temperatures have been affecting physical and chemical lake properties since 
the 19th century (Smol et al., 2005; Bates et al., 2008). Research has suggested that 
warmer temperatures lead to increased thermal stratification (i.e., persistence of water 
layers of different temperatures) (Livingstone & Lotter, 1998). This in turn affects 
nutrient cycling in lakes. However, exactly how thermal stratification will affect nutrient 
concentrations remains ambiguous. Some research has predicted that when stratification 
is longer and stronger, there is a greater concentration of phosphorus (P) that accumulates 
in the bottom anoxic waters that is released from the sediments (Moser et al., 2002). This 
can increase P concentrations in the upper waters when mixing in the spring and fall 
occurs. Others have suggested that stronger stratification reduces P to the surface over the 
growing season as a result of fewer mixing events releasing P to the upper waters (Agbeti 
& Smol, 1995). In comparison to all the other major nutrients (e.g, carbon, nitrogen, etc.), 
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P is least abundant and most often limits primary production in freshwater lakes 
(Schindler, 1971). P originates from the underlying geology, but can also be recycled 
from lake sediments. During ice-out, with overturn and mixing, nutrient-rich water from 
the hypolimnion is brought to the surface where algal growth occurs. This “escape” of P 
into the epilimnion can support algal blooms (Pechlaner, 1979).  
Precipitation can also affect nutrient concentrations. Nitrates from atmospheric deposition 
have been shown to accumulate in snow leading to more nitrogen (N) entering a lake 
(Lepori & Keck, 2012, Nanus et al., 2003). Snow contains a much higher content of N 
than rain and can contribute to more than half of the total N influx to lakes (Williams et 
al., 1996b). In the spring, when ice and snow melts, this process can deliver a surge of N, 
which can affect algal production (Interlandi & Kilham, 1998; Lewis & Wartsbaugh, 
2008). Because algae, and specifically diatoms, are sensitive and respond to N loading 
(Wolfe et al., 2001), changes in nitrogen can also lead to a change in diatom community 
composition.  
Increases in both N and P concentrations can increase lake primary production and affect 
community composition and structure. For example, recent studies have shown strong 
relationships between warmer temperatures and plankton production in lakes in North 
America (Douglas et al., 1994; Sorvari et al., 2002; Straile & Adrian, 2000). Although 
both N and P are important in regulating the metabolism of lakes and these two nutrients 
are generally the first to cause limitations in plant and algal growth, Einsele (1941) and 
Schindler (1971) found that P was more strongly correlated with primary production as 
measured by chlorophyll concentrations. Despite many studies suggesting that P is the 
dominant limiting nutrient, others have suggested that this is not always the case (Lewis 
& Wurtsbaugh, 2008). In oligotrophic alpine lakes, it has been suggested that N limits 
algal production (Morris & Lewis, 1988; Saros et al., 2005). N can contribute to 
eutrophication if sufficient P is present (Baron et al., 2009).  
Enhanced vegetation growth is usually the first response to N addition (Baron et al., 
1994). In alpine regions, because vegetation usually is mature and experiences short 
growing seasons, symptoms of enhanced N availability will show much earlier than 
 47 
 
regions with more moderate climates (Fenn et al., 2003). Nutrients can also increase if 
vegetation biomass in the catchment increases as temperatures warm (e.g. Smith, 1986) 
and N deposition increases.  
Warming temperatures can affect the duration of ice-cover, water depth, and ionic 
concentration of lakes (Smol, 2009). Complex relationships between these variables and 
thermal stratification, nutrient concentration and biota can exist. For example, Douglas et 
al. (1994) found that diatom (Bacillariophyceae) assemblages in high-arctic lakes have 
changed drastically since the beginning of the 19th century when temperatures began to 
increase rapidly after millennia of relative stability. Although changes in diatom 
community composition could be a direct response to temperature, it is more likely an 
indirect response and could involve multiple interacting variables. That is, temperature 
causing a change in one or more environmental variable (e.g., ice-cover, nutrient 
concentration), may lead to a change in diatom community composition (Moser et al., 
1996). A specific example of an indirect response between diatoms and temperature can 
be found by considering ice-cover and how light availability is necessary for diatom 
growth. As ice-cover decreases with warming temperatures, the amount of open water 
time and light increases, and as a result there is an increase in planktonic diatom 
production (Rühland et al., 2008; Stewart & Lamoureux, 2012; Sorvari et al., 2002). This 
shift is often characterized by an increase in Cyclotella species, and a decrease in heavily 
silicified Aulacoseira species and benthic Fragilaria species, and has been reported from 
sites in the Arctic to temperate regions (Rühland et al., 2008).  
In this research, I will determine the modern relationships between air temperature and 
precipitation and water chemistry, specifically nutrients. I will also determine whether 
there are relationships between the above variables and lake production and diatom 
community composition.  
The specific research questions I will address are: 
1. What is the relationship between climate variables (temperature and precipitation) 
and nutrient (constituents of N and P) concentrations?  
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I hypothesize that warming temperatures and increased rainfall will increase nutrient 
concentrations in alpine lakes, although these relationships are not straightforward. With 
warming air temperatures, thermal stratification will become stronger and persist longer 
in Uinta Mountain lakes. Stronger thermal stratification will likely decrease nutrient 
cycling within the lakes and limit nutrient distributing during spring and fall turnover. 
The decrease in nutrient cycling will result in a decrease in nutrient concentration in the 
epilimnion during the summer (Wetzel, 2001). Increased temperatures could also lead to 
melting of semi-permanent ice. Several studies have shown that meltwater from rock 
glaciers and ice patches (that are present in the Uinta Mountains) are rich in dissolved 
inorganic nitrogen (DIN) (Baron et al., 2009; Saros et al., 2012). The meltwater could 
lead to an increase in DIN in the lakes, but this increase is likely to be relatively short-
lived owing to limited ice. It may also have limited effect as there may already be 
sufficient N, and P may be more limiting (Schindler, 1971). With the increase in air 
temperatures, ice-out dates will become earlier allowing for a more prolonged connection 
between the lake and atmosphere and catchment, increasing the potential time for nutrient 
inputs to lakes. With increased rainfall there may be an increase in run-off entering the 
lake from the catchment area. Precipitation may be enriched in nitrogen (Lovett, 1994), 
but as it passes through soils it could potentially pick up more nutrients (Campbell et al., 
2000), which would further increase nutrient concentrations.   
2.  What is the relationship between nutrient concentrations and lake production? 
As alluded above, P is often noted as the limiting nutrient for productivity in lakes 
(Schindler, 1977), but increasingly alpine studies have shown that N-limitation occurs 
(Schindler, 2006; Lewis & Wurtsbaugh, 2008). Therefore, it is important to study the 
constituents of N and P in Uinta Mountain lakes to understand whether these lakes are N- 
or P-limited. In understanding what nutrient is limiting primary production, I predict that 
with an increase in nutrients there will also be an increase in chlorophyll a (chl a) 
concentrations, which means an increase in total primary production.  
3. What is the composition of diatom communities in lakes at different elevations that 
have different thermal properties and nutrient concentrations? Does diatom 
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community composition differ between years of different weather conditions, and if 
so how? 
I hypothesize that I will find a greater diversity of benthic diatom species in low elevation 
lakes than higher elevation. Vyverman (1992) found that diatom community 
compositions in high elevation lakes were distinctively different from diatom 
communities in lower elevation lakes due to temperature differences. Warmer 
temperatures would cause a shift from benthic to planktonic diatom species. This is due 
partly to the longer ice-out times (Rühland et al., 2008). Longer ice free periods translates 
to more open water, and this has been shown to lead to an increase in planktonic diatoms 
(Sorvari et al., 2002; Stewart & Lamoureux, 2012).  
Also, Douglas et al., (1994) showed that with increasing temperatures and longer ice-free 
periods there is a greater diversity of habitats and longer growing seasons, and therefore, 
more diverse diatom communities. They showed that with warming temperatures, the 
dominance of a single benthic Fragilaria species was replaced with a diverse assemblage 
(e.g. Achnanthes, Caloneis, Navicula).  
3.2  Study Area 
The Uinta Mountains are located in northeastern Utah, roughly 160 km east from Salt 
Lake City, USA (Figure 3.1), and are an east to west trending range that experiences a 
continental climate (hot, dry summers and cold, wetter winters). Owing to an east to west 
orientation and steep elevational gradients, climate for the Uinta Mountains is variable. 
Temperatures decrease with elevation (MacDonald & Tingstad, 2007). Precipitation 
increases with elevation, and the western half of the range receives approximately twice 
the yearly precipitation compared to the eastern side due to the orographic uplift of humid 
air from the west (Munroe & Mickelson, 2002; MacDonald & Tingstad, 2007). High 
elevation lakes are generally snow covered from late October to late May (see USDA 
National Water and Climate http://www.wcc.nrcs.usda.gov/snow/snow_map.html).  
Vegetation in the Uinta Mountains varies as a result of climatic differences, and 
vegetation zones are similar to those for other areas in the Intermountain West (Cronquist 
 50 
 
et al., 1972). Mid-elevation sites are mainly composed of forests, which include many 
different tree species, such as Picea engelmannii (Englemann spruce), Pinus (pine), and 
Abies (fir). In contrast, high elevation sites are characterized by stunted tundra vegetation, 
such as Salix (willow), Poa alpina (alpine grass), Hyacinthoides (bluebells), Primula 
vulgaris (alpine primrose), and Ranunculus (buttercups).  
The Uinta Mountain lakes were mainly formed by past glacial processes. At higher 
elevations there are many cirque lakes. Many lakes have formed in depressions dammed 
by moraines, and at low elevation sites there are many kettle lakes. Uinta Mountain lakes 
are oligotrophic and the underlying geology, composed mainly of Precambrian quartzite, 
shale, and slate (Dehler et al., 2005), is relatively consistent spatially resulting in little 
geological influences on differences in water chemistry. Lakes have been found to have 
low ionic concentrations and characterized by low alkalinity and specific conductivity 
(Squire et al., 2012).  
Sites were selected to be representative of a range of elevations, but relatively close to 
each other to simplify logistics. These sites span an elevational gradient from 3072 
(closed coniferous forest) to 3414 (alpine tundra) m a.s.l. (Table 3.1). All of the study 
lakes are situated on the south side of the Uinta Mountains except Jessen Lake. The north 
side receives more precipitation than the south side of the mountain, so Jessen Lake was 
chosen to see if there are any differences in nutrient concentrations with the lakes on the 
south side.  
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Figure 3.1. Map of the location of the Uinta Mountains in Utah, USA.  
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Figure 3.2. Top Left: Topography of the Uinta Mountains with the locations of the five study lakes. 
Other figures: Catchment maps from ArcGIS 10.0 of each lake.  
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Table 3.1. Site classifications for Taylor, Walk-Up, Jessen, Hidden, and Larvae Lake.  
Lake Latitude & Longitude Elevation 
(m) 
Depth  
(m) 
Lake Area  
(ha) 
Catchment 
Area (ha) 
Taylor N 40° 47’ 13.40” 
W 110° 5’29.24” 
3 414 10.0 9.0 432.8 
Walk-Up N 40° 48’41.32” 
W 110° 2’16.95” 
3 392 22.0 7.0 179.5 
Jessen N 40°40’49’50.7” 
W 110° 1’7.94” 
3 186 17.0 9.7 185.5 
Hidden N 40° 44’39.86” 
W 110° 1’57.53” 
3 158 16.0 5.3 48.4 
Larvae N 40°40’40’30.6” 
W110° 2’18.21” 
3 072 8.5 2.2 5.4 
 
All five study lakes were similar in area, but had differences in catchment area and 
vegetation (Figure 3.2, Appendix L). Two of the study lakes are considered high 
elevation and are defined here as >3200 m a.s.l. (Taylor and Walk-Up), whereas three are 
considered low elevation which is defined as <3200 m a.s.l. (Jessen, Hidden, and 
Larvae). 3200 m a.s.l. was used because treeline in the Uinta Mountains is approximately 
located at this elevation (Munroe, 2003). The catchments of the high elevation sites are 
predominately comprised of talus slopes and boulder-ridden shorelines, whereas the 
catchments of the low elevation sites are characterized by closed forest and shrubs 
(Appendix L). All lakes are dimictic, except for Walk-Up which has been observed to 
mix more than twice a year (Chapter 2). Walk-Up Lake is located in a steep-sided cirque 
with no inflow other than from snow melt, and no obvious surface outflows at lower 
water levels. During ten years of observation by Katrina Moser, Walk-Up Lake is 
frequently characterized by high winds and stormy conditions that are not observed at the 
other sites, which may account for the additional mixing events.  
3.3 Methods 
3.3.1 Independent Variables 
The independent variables in this study are air temperature, precipitation, and elevation. 
Air temperature and precipitation records were determined using the SNOTEL Chepeta 
site (Chapter 2). The Chepeta site was chosen due to its close proximity to the study 
lakes. Average daily air temperature and precipitation data from the SNOTEL Chepeta 
were used to characterize the climate for each of the three years of data collection. 
Normally, a 30 year normal is calculated to compare climate of a particular site, but the 
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SNOTEL Chepeta site only started recording average temperature data in 1990. 
Originally, the station started collecting data in 1980, but temperature measurements 
from 1980-1989 had only one measurement per day, and data is often missing. Therefore, 
a 20 year normal (1990-2010) was calculated for air temperature.  
Average spring (June 1 – September 30) and fall (October 1 – May 31) air temperatures 
were calculated to compare with nutrient data. SNOTEL Chepeta air temperature was 
averaged for the fall and spring months and then corrected for each lake to account for 
differences in elevation. SNOTEL data was used instead of onshore data loggers as data 
loggers was sometimes missing data. The SNOTEL temperature corrections are available 
in Chapter 2. Catchment and lake areas were calculated by using catchment maps 
provided by the United States Geological Survey National Gap Analysis Program 
(http://earth.gis.usu.edu/swgap/landcover.html) created using ArcGIS 10.0 (Figure 3.2). 
3.3.2 Lake characterization and chemical variables (Dependent 
variables) 
To characterize the chemical properties of the lakes across seasons, years, and elevations, 
limnological measurements were made and water samples were collected each spring and 
fall for three years (2011, 2012, and 2013). At each site, water samples were collected in 
polyethylene Nalgene® sample bottles. Samples were taken 0.5 m below the surface of 
each lake and kept cool in the field until the return to the Ashley Forest Service. A 
complete suite of nutrients were measured including orthophosphate (PO4
3-), nitrate and 
nitrite (NO2
-+NO3
-), nitrite (NO2
-), ammonium (NH4
+), total nitrogen (TN), total 
phosphorus (TP), silicate (SiO2), total dissolved nitrogen (TDN), total dissolved 
phosphorus (TDP), and chl a. When funds were available, dissolved organic carbon 
(DOC) was analyzed. Water samples were filtered through a 42.5 mm diameter 
Whatmann GF/F filter, immediately frozen, and sent to the Chesapeake Biological 
Laboratory in Maryland University to be analyzed. Details of the lab methods are 
available at http://nasl.cbl.umces.edu/.  
Lake water pH and alkalinity were measured using an Insitu 9500 Multiparameter Probe 
Hydrolab, and measurements were collected twice a year during the spring and fall. 
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Average summer surface water temperature were measured using HOBO tidbit data 
loggers from Chapter 2. Surface water temperature were taken from all dates available 
between June 1-Sept 30 from 0.5-1 m at depth, except for Jessen Lake, where surface 
measurements were collected at 2 m depth to avoid equipment used to apply Rotenone in 
the lake. 
To distinguish whether the study lakes were P- or N-limited, nutrient data were used for 
ratios of N and P according to three methods by (1) Downing and McCauley (1992) and 
Sakamoto (1966), (2) Guildford and Hecky (2000), and (3) Bergström (2010). Trophic 
status was determined by comparing values of total phosphorus, total nitrogen, 
chlorophyll a, (Table 3.6) and Secchi depth (Table 3.5) to trophic ranges provided in 
Wetzel (2001; Table 13-18). 
3.3.3 Diatom Data 
Sediment traps were used to collect seasonal sediment samples. These traps have been 
widely used because they are a good way of collecting diatom data that is representative 
of the entire lake flora (Lukashin et al., 2011). Sediment traps were built at the Lake and 
Reservoir System (LARS) Research Facility as shown in Figure 3.3. Nalgene® bottles 
were used to provide flotation and a piece of copper tube was used to provide vertical 
stability 1 m above the sediment-water interface. A cement brick was lowered in the 
deepest part of each lake, assumed to be the center, and the sediment trap was hooked 
onto 100 pound steel fishing lines, along with the water temperature data loggers used in 
Chapter 2. This simplified the collection of the sediment traps because they were 
collected at the same time data loggers were taken out, which had a float close to the 
surface to aid in retrieval. Sediments were collected from removable glass jars at the 
bottom of the traps (Figure 3.3). Upon collection, samples were poured from the 
removable glass jar into 500 mL brown Nalgene® bottles and kept cold until processed. 
Traps were deployed from June-September and September-October in the center of each 
lake.  
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Figure 3.3. A Sediment trap about to be deployed. 
Once brought back to the lab for processing, samples were left untouched for at least 24 
hours in order for all sediment to settle to the bottom of the bottles before they were 
decanted of excess water. The slurry was then divided into small glass vials and prepared 
for diatom analysis following standard procedures outlined by Battarbee et al. (2001). 
The slurry was treated with hydrochloric acid (HCl) to remove calcium carbonate. A 
mixture of concentrated sulphuric (H2SO4) and nitric (NHO3) acids were added to remove 
organic matter and to isolate siliceous material. After 24 hours from removal of organic 
matter, the samples were heated to 80 °C for two hours. Subsamples were rinsed a 
minimum of ten times with distilled water until they became neutral. The siliceous 
slurries were mounted onto microscope slides using Naphrax® for diatom analysis. Due 
to logistical reasons (too much snow to get to a site, storms prevented access to the site, 
etc.) there are only 14 sediment samples and 12 sediment samples that had corresponding 
nutrients data. Appendix N provides a list of available sediment samples. At least 500 
diatom valves (Pappas & Stoermer, 1996) were identified and enumerated to species 
level using a Leica® E-600 light 58 microscope equipped with Nomarksi DIC optics at 
100x magnification. A Retiga® 2000 Fast 1394 digital camera was used to assist with 
identification of diatoms.  
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3.3.4 Statistical Analysis 
Relationships between climate data and nutrients were explored using Pearson correlation 
and Principal Components Analysis (PCA) using CANOCO® and Partial Least Squares 
Regression (PLS) using PLS_toolbox on MATLAB®. PCA was used to explore possible 
relationships between variables. Variables included in the final PCA were selected based 
on an original PCA of all water chemistry data that showed which variables were 
statistically significant to one of the axes. This multivariate analysis was also used to 
determine if samples of similar seasons, elevations or catchment area were similar in 
terms of water chemistry (i.e., plotted close together). All data was centered and 
standardized. Results show there were relationships between chl a, TP, NO2
-+NO3
-, SiO2, 
and NH4
+. Some researchers have argued that orthophosphate (PO4) or soluble reactive P 
(SRP) are the best measures of the bioavailable portion of TP (Murphy & Riley, 1962; 
Psenner et al., 1988), but more recently it has become clearer that there is other P that is 
bioavailable (Reynolds & Davies, 2000) that is only measured here as part of the TP. 
Because P is often a limiting nutrient and its availability may govern the rate of growth in 
organisms, I have used TP as being more representative of what is bioavailable.  
Pearson correlation was used to identify relationships between air temperature and 
nutrients, and precipitation and nutrients (Appendix N). Previous seasonal air temperature 
and precipitation were used to compare to the water chemistry data because the previous 
seasonal temperatures and precipitation were deemed to have the most effect on the water 
chemistry. For example, a water sample taken in spring was compared to the winter 
average temperature; this was to avoid comparing weather conditions that occurred after 
a sample was collected. 
PLS was used to determine whether environmental variables were predictors of lakewater 
nutrient concentrations. To do this analysis, I used the add-on PLS_toolbox on 
MATLAB®. Venetian blinds was used for pre-processing and two latent variables were 
chosen for analysis. PLS regression was used in addition to PCA because PLS takes into 
account correlations between the dependent and the independent variables by using linear 
transformations, which PCA does not. The independent variables (precipitation, 
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temperature, elevation) in this study are highly correlated and PLS increases the variance 
in estimates of the regression parameters (e.g. multi-colinearity). Abdi (2010) compared 
the use of PCA and PLS and found the Chi-squared statistics of PLS factors were more 
than the PCA factors most of the time. Lastly, PLS works well with small sample sizes 
and increases the variance on all axes.  
To determine relationships between diatom species distributions, histograms were 
generated to show percentage of planktonic species in each lake, which I expected to 
increase with warmer temperatures. A histogram was also created to show benthic 
species richness in all samples. To calculate species richness, I counted the number of 
benthic species in each sample. Table 3.2 lists the planktonic and benthic species 
recorded. Pearson correlation was used to determine any relationships between nutrients 
and diatom species. Three diatom species (Asterionella formosa, Fragilaria tenera, and 
F. brevistriata) were plotted with TP, and graphs were created using Microsoft Excel 
2013. A full list of all diatoms enumerated and authority can be found in Appendix O.  
Table 3.2. Diatom planktonic and benthic species. Shaded grey are benthic species. 
Species Code 
Asterionella formosa  Astfor 
Aulacoseira alpine  Aulalp 
Aulacoseira ambigua  Aulamb 
Aulacoseira distans  Auladis 
Aulacoseira distans var humulis  Auldishu 
Aulacoseira lirata  Aullir 
Aulacoseira granulate  Aulgra 
Aulacoseira sp.  Aulsp 
Cyclotella pseudostelligera and 
Cyclotella stelligera  
Cycpsste 
Cyclotella bodanica  Cycbod 
Cyclotella bodanica var lemanica  Cycbodle 
Cyclotella ocellata  Cycocel 
Diatoma inceps  Diainc 
Diatoma vulgaris  Diavul 
Diatoma sp.  Diasp 
Fragilaria tenera and Fragilaria nanana  Fratenna 
Surirella angustata  Surang 
Tetracyclus rupestris  Tetrup 
Tetracyclus glans  Tetgla 
Achnanthes minutissima Achmin 
Anomoeoneis vitrea Anovit 
Cymbella cuspidata Cymcus 
Cymbella lapponica Cymlap 
Cymbella minuta Cymmin 
Cymbella silesiaca Cymsil 
Eunotia bilunaris Eunbil 
Eunotia incisa Euninc 
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Eunotia muscicola var tridentula Eunmus 
Fragilaria brevistriata Frabrev 
Fragilaria construens Fracon 
Fragilaria construens var venter Fraconven 
Fragilaria pinnata Frapin 
Frustulia rhomboides var crassinerva Frurhocr 
Navicula lapidosa Navlap 
Navicula leptostriata Navlep 
Navicula bryophila Navbry 
Nitzschia fonticola Nitfon 
Nitzschia gracilis Nitgra 
Pinnularia mesolepta Pinmes 
Pinnularia interrupta Pinint 
Pinnularia microstauron Pinmic 
Tabelleria flocculosa Tabflo 
3.4 Results 
3.4.1 Climate Data 
The 20-year normal (1990-2010) for the SNOTEL air temperature and precipitation were 
-0.7 °C and 950.9 mm, respectively (Table 3.3). The average temperatures for 2011, 
2012, and 2013 were all greater than the 20-year normal, so to differentiate weather 
conditions for each of the three years, a 10-year normal was determined for comparison, 
since warming has been so rapid in the last decade, that this is termed as a “warming” 
normal. Based on this comparison, 2011 was a cold and wet year; 2012 was the warmest 
and driest year; and 2013 was a warm year with an average amount of precipitation 
(Table 3.3).  
Table 3.3. Temperature and precipitation records from the Chepeta SNOTEL station. 
Characterization for 2010-2013 were made in comparison with the 10 year normal, also known as the 
“warm period” normal. 
Year Average 
Temp (°C) 
Max Temp 
(°C) 
Min Temp 
(°C) 
Average 
Precipitation 
(mm) 
Characterization 
1990-2010 -.7 17.3 -29.3 950.9 20 year normal 
2000-2010 .4 18.2 -22.6 915.1 10 year normal 
(“Warming” 
normal) 
2011 .2 14.2 -22.8  1318.3 Cold, wet 
2012 1.7 15.6 -18.0 792.5 Warmest, dry 
2013 .9 16.3 -25.8 810.3 Warm 
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3.4.2 Characterization of Lakes 
Limnological variables were collected from the five study lakes. All lakes had similar 
lake water pH and alkalinity (Table 3.4). The pH levels were expected to be acidic based 
on the underlying geology, but these lakes are circum-neutral (Table 3.4). The lakes can 
be described as mesotrophic or oligo-mesotrophic (Table 3.5). Catchment to lake area 
ratios varied considerably, ranging from 2.5-48.1 ha (Table 3.5). Secchi depths were 
similar in all lakes (Table 3.4). Specific conductivity and surface water temperatures were 
also lower in high elevation lakes compared to low elevation lakes.  
Table 3.4. Limnological variables of Taylor, Walk-Up, Jessen, Hidden, and Larvae Lake. All Secchi 
and DOC values are available in Appendix K. 
 
pH Alkalinity 
(mg/L of 
CaCO3) 
Specific 
Conductivity 
(μs/cm) 
Average 
Summer 
Surface Water 
Temperature 
(°C) 
Average 
Dissolved 
Organic 
Carbon 
(DOC) μg/L 
Std. dev. 
DOC 
ug/L 
Average 
Secchi 
(m) 
Std. dev. 
Secchi (m) 
Taylor 7.5 4.0 10.2 12.4  3.3 (n=4)     3.0 2.6 
(n=6) 
1.1 
Walk-
Up 
7.2 2.2 4.1 8.9 1.0 (n=3) 0.1 2.9 
(n=5) 
1.2 
Jessen 6.5 n/a 18.9 13.8 2.4 (n=3) 0.4 3.7 
(n=3) 
0.6 
Hidden 7.2 3.0 14.9 15.1 6.5 (n=4) 1.5 3.9 
(n=6) 
0.5 
Larvae 7.2 1.9 18.2 15.2 9.1 (n=4) 0.6 3.1 
(n=6) 
0.9 
Table 3.5. Catchment to Lake ratios and trophic statuses of Taylor, Walk-Up, Jessen, Hidden, and 
Larvae lake. 
Lake Catchment:Lake 
(ha) 
Trophic status 
Taylor 48.1 Mesotrophic 
Walk-Up 25.7 Oligomesotrophic 
Jessen 19.1 Oligomesotrophic 
Hidden 9.1 Oligomesotrophic 
Larvae 2.5 Oligomesotrophic 
 
Water chemistry data showed that SiO2 values were similar for all study lakes and NH4
+ 
values were low in all lakes (Table 3.6). DIN, NO2
-+NO3
-, TP, and chl a values were 
generally larger in Walk-Up, Taylor and Jessen lakes compared to Hidden and Larvae 
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Lake. Taylor Lake had on average the highest concentration of TP compared to all lakes. 
TN levels were similar in all lakes (Table 3.6).  
Limiting nutrient in the five study lakes were difficult to determine due to conflicting 
results obtained from using different methods and temporal variation (Downing & 
McCauley, 1992; Sakamoto, 1966; Guildford & Hecky, 2000; Bergström, 2010) (Table 
3.7). However, Bergström’s (2010) method may be the most accurate to use in predicting 
nutrient limitation in oligotrophic lakes because it considers DIN instead of TN. TN 
contains a large portion of biologically unavailable N (Bergström, 2010). However, even 
when using the Bergström method, there is temporal variation in nutrient limitation in 
these oligotrophic lakes.  
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Table 3.6. Summary statistics of chemical properties of the five study lakes. 
Lake 
C:L 
Month/
year 
DIN 
(μg/L) 
TN 
(μg/L) 
TP 
(μg/L) 
Chl a 
(μg/L) 
SiO2  
(mg Si/L) 
NO2
-
+NO3
-
 
(μg/L) 
NH4
+
 
(μg/L) 
Taylor 
 
06/11 
09/11 
06/12 
09/12 
06/13 
09/13 
139.0 
28.0 
17.0 
9.7 
7.2 
7.9 
240 
210 
190 
220 
250 
220 
15.4 
11.0 
18.5 
10.8 
18.8 
10.9 
1.0 
3.1 
7.0 
1.5 
17.0 
5.4 
.6 
.3 
.1 
.2 
.2 
.2 
127 
15 
6 
.7 
1.2 
.7 
12 
13 
11 
9 
6 
7.2 
Min  7.2 190 10.8 1.0 .1 .7 6 
Max  139.0 250 18.8 17.0 .6 127 13 
Mean  34.8 221.7 14.2 5.8 .3 25.1 9.7 
Std. dev.  47.1 19.5 3.5 5.4 .2 45.8 2.5 
Walk Up 
 
06/11 
09/11 
09/12 
06/13 
09/13 
225.0 
n/a 
130.0 
149.0 
40.3 
340 
360 
220 
330 
310 
7.7 
8.0 
7.7 
22.8 
5.9 
3.8 
3.6 
3.5 
9.5 
3.2 
.6 
n/a 
.1 
.3 
.3 
214 
n/a 
116 
144 
23.7 
9 
n/a 
14 
5 
16.7 
Min  40.3 220 5.9 3.2 .1 23.7 5 
Max  225.0 360 22.8 9.5 .6 214 16.7 
Mean  136.1 312 10.4 4.7 .3 124.4 11.2 
Std. dev.  70.1 48.7 6.2 2.4 .2 68.2 4.5 
Jessen 
 
06/11 
06/12 
06/13 
09/13 
125.0 
23.4 
20.2 
26.7 
310 
170 
200 
220 
11.0 
11.7 
6.9 
14.4 
1.8 
3.1 
3.7 
3.3 
.6 
.6 
.5 
.3 
103 
2.4 
12.2 
6.7 
22 
21 
8 
20 
Min  20.2 170 6.9 1.8 .3 2.4 8 
Max  125.0 310 14.4 3.7 .6 103 22 
Mean  48.8 225 11 3.0 .5 31.1 17.8 
Std. dev.  44.8 52.2 2.7 .7 .1 41.7 5.7 
Hidden 
 
06/11 
09/11 
06/12 
09/12 
06/13 
09/13 
44.2 
15.4 
36.3 
11.5 
38.3 
10.1 
300 
300 
250 
290 
240 
270 
6.1 
6.2 
10.6 
7.5 
4.5 
5.2 
1.2 
1.9 
.5 
1.3 
.5 
2.0 
1.0 
.2 
.3 
.3 
.4 
.4 
35.2 
1.4 
24.3 
1.5 
27.3 
.7 
9 
14 
12 
10 
11 
9.4 
Min  10.1 240 4.5 .5 .2 .7 9 
Max  44.2 300 10.6 2.0 1.0 35.2 14 
Mean  26.0 275 6.7 1.2 .4 15.0 10.9 
Std. dev.  13.9 23.6 2.0 .6 .3 14.2 1.7 
Larvae 
 
06/11 
09/11 
06/13 
09/13 
14.5 
17.0 
36.9 
18.0 
390 
340 
380 
400 
7.9 
5.7 
6.1 
7.9 
1.3 
1.5 
.4 
2.7 
.5 
.1 
.1 
.1 
5.5 
2 
11.9 
1 
11 
15 
25 
17 
Min  14.5 340 5.7 0.4 .1 1 11 
Max  36.9 400 7.9 2.7 .5 11.9 25 
Mean  21.6 377.5 6.9 1.5 .2 5.1 17 
Std. dev.  9.2 22.8 1.0 0.8 .2 4.3 5.1 
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Table 3.7. Nutrient measurements of water samples and N:P relationships. The shading represents 
three separate characterizations of limiting nutrients. Black shading represents N-limitation, dark grey 
shading represents shifting or uncertain limitation, and light grey represents P-limitation. Limitation 
thresholds are taken from *Bergström (2010), **Guildford and Hecky (2000), and ***Downing and 
McCauley (1992) and Sakamoto (1966).  
Lake 
Month/year DIN/TP mass 
ratio* 
TN/TP 
atomic 
ratio** 
TN/TP 
mass ratio*** 
Taylor 
06/11 
09/11 
06/12 
09/12 
06/13 
09/13 
9.0 
2.5 
0.9 
0.9 
0.4 
0.7 
34.5 
42.2 
22.7 
45.0 
29.4 
44.6 
15.6 
19.1 
10.3 
20.4 
13.3 
20.2 
Walk- Up 
06/11 
09/11 
09/12 
06/13 
09/13 
29.2 
n/a 
16.9 
6.5 
6.8 
97.6 
99.5 
63.2 
32.0 
116.2 
44.2 
45.0 
28.6 
14.5 
52.5 
Jessen 
06/11 
06/12 
06/13 
09/13 
11.4 
2.0 
2.9  
1.9 
62.3 
32.1 
64.1 
33.8 
28.2 
14.5 
29.0 
15.3 
Hidden 
06/11 
09/11 
06/12 
09/12 
06/13 
09/13 
7.2 
2.5 
3.4 
1.5 
8.5 
1.9 
108.8 
107.0 
52.2 
85.5 
117.9 
114.8 
49.2 
48.4 
23.6 
38.7 
53.3 
51.9 
Larvae 
06/11 
09/11 
06/13 
09/13 
1.8 
3.0 
6.0 
2.3 
109.2 
131.9 
137.8 
112.0 
49.4 
59.6 
62.3 
50.6 
3.4.3 Chemical variables and their relationships to elevation, season, and 
year 
PCA axis 1 explained 41.1% of the variance in the nutrient data (Table 3.8); variables 
with the most influence on the position of axis 1 were NO2
-+NO3
-
, NH4
+
 and SiO2 
(Pearson’s r, p ≤ 0.01, Figure 3.4). Axis 2 explained an additional 34.2% of the variance 
in the data (Table 3.8) and was most associated with TP and chl a (Pearson’s r, p ≤ 0.01, 
Figure 3.4).  
The PCA shows that generally, lakes of high elevation are not different to lakes of low 
elevation, however, in spring 2012 and 2013, high elevation lakes experienced high 
amounts of TP and chl a. Taylor, Walk-Up, and Jessen lakes are different from Larvae 
and Hidden lake and figure 3.4c shows these three lakes have large catchment to lake 
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areas relative to the other two. Samples from the spring 2011, the cold and wet year, are 
elevated in NO2
-+NO3
- and SiO2, compared to 2012 and 2013 (Figure 3.4b).  
Table 3.8. PCA eigenvalues, cumulative percentage variance of water chemistry data, and loadings 
(n=24, 5 nutrients). Dark grey represents significant correlations of p≤ 0.01, and light grey represents 
significant correlations of p≤ 0.05. 
Axes 1 2 3 4 
Eigenvalues .411 .345 .121 .072 
Cumulative % variance 
of water chemistry data 
41.1 75.6 87.7 94.9 
TP .586 .695 .007 .261 
chl a .463 .794 -.169 -.057 
NO2-+NO3- .741 -.243 .619 -.036 
SiO2 .539 -.646 -.280 0.449 
NH4+ -.766 .323 .305 .447 
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Figure 3.4. PCA of water chemical variables. Each PCA plot show different categories of sites; (a) 
elevation, (b) season, (c) catchment to lake ratio. The angle between the arrow representing each chemical 
variable and any other chemical variable indicates the relationship between the two variables. Low angles 
indicate high correlation between variables, angles of 180˚ indicate negative correlations and angles of 90˚ 
indicate no correlation between variables.  
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Results of the Pearson correlation analysis shows that there was a significant negative 
correlation between spring TP and the previous fall/winter average air temperature 
(Figure 3.5A). There was also a significant positive correlation between TP and chl a 
values in the spring/summer season (Figure 3.5B). There was a significant positive 
correlation between spring NO2
-+NO3
- and SiO2 with average fall/winter precipitation 
(Figure 3.6).  
 
Figure 3.5. Scatter plot of (A) air temperature and TP and (B) TP and chl a. Both plots show the 
spring season with (A) plotting with the previous fall/winter air temperatures.  
 
Figure 3.6. Scatter plot of (A) spring time NO2+NO3 and accumulated fall/winter precipitation and 
(B) spring/summer time SiO2 and accumulated fall/winter precipitation. Both plots show a significant 
positive correlation. 
Latent variable (LV) 1 from the PLS analysis explained 59.0% of the variance in the 
environmental and catchment data, and the variables with the strongest scores along this 
axis were forest vegetation and catchment to lake ratio (Figure 3.7). LV2 explained an 
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additional 24.8% of the variance in the environmental data and reflected changes in 
precipitation and air temperature. For water chemistry, LV1 (environmental and 
catchment variables) explained 22.2% variance of the nutrient data and LV2 (climate 
variables) explained an additional 18.7% of the variance. Because the nutrient variables 
plotted close to the centroid (0), there were no significant trends between the 
environmental/catchment variables with water chemistry. Analysis of other LVs were not 
needed as they explained little additional variance in the chemistry data (the third and 
fourth LV would only account for 4.6% and 5.6% for environmental variables, and 7.3% 
and 4.2% for water chemistry variables of the variance, respectively).  
 
Figure 3.7. Loadings plot of the PLS analysis (n=24). The plot illustrates the correlation structure 
between the environmental (catchment) variables and water chemistry concentrations. Similar to the PCA, 
the direction of each variable in the PLS indicates the relationship of the respective chemical or 
environmental variables with the axis, whereas distance reflects the importance of each in explaining the 
variance along the axis. Variables situated along the same directional axis correlate positively with each 
other. Variables situated at opposite ends correlate negatively with each other. Any variables near the 
centre of the plot are poor predictors.  
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3.4.4 Diatom Distributions and Relationships to Chemical Variables 
A total of 112 diatom species were identified in the 14 sediment trap samples (Appendix 
O). In all statistical analyses, Cyclotella pseudostelligera and C. stelligera were grouped 
together owing to a taxonomic continuum between these two species, and Fragilaria 
tenera and F. nanana were grouped together owing to taxonomic similarities (Rühland & 
Smol, 2005).   
There were more planktonic species in higher elevational lakes than low elevational lakes 
(Figure 3.8a). Jessen Lake is categorized as a low elevation lake, but in terms of relative 
abundance of planktonic diatoms, it is more similar to high elevation lakes. Comparing 
the abundances of Cyclotella species between Jessen, Walk-Up, and Taylor Lake (Figure 
3.8b), Walk-Up Lake in the fall of 2011 and 2013, and Jessen Lake during fall of 2013 
had the greatest abundance of Cyclotella, whereas Taylor Lake had the least. Taylor Lake 
had the greatest abundance of Asterionella formosa, Fragilaria tenera, and F. nanana 
compared to all other lakes (Figure 3.8b). In contrast, there were greater abundance of 
benthic species in Larvae and Hidden Lake compared to Jessen, Walk-Up, and Taylor 
Lake (Figure 3.9).  
 
Figure 3.8. (a) Planktonic diatom species percentages of all samples. (b) Cyclotella species and 
Asterionella formosa, Fragilaria tenera, and F. nanana percentages for Jessen, Walk-Up, and Taylor 
Lake.  
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Figure 3.9. Benthic (littoral zone) species richness of all samples.  
Two diatom species showed significant positive correlations with TP (Asterionella 
formosa and Fragilaria tenera) (Figure 3.10A). In contrast, TP was negatively correlated 
to benthic Fragilaria brevistriata (Figure 3.10B).  
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Figure 3.10. (A) Scatterplot of TP with Asterionella formosa and Fragilaria tenera and (B) TP with 
Fragilaria brevistriata (n=12). 
3.5 Discussion 
3.5.1 Effects of temperature and precipitation on nutrient concentration 
and lake primary production 
The year 2011 was a cold and wet year, 2012 was the warmest and driest year, and 2013 
was a warm year with an average amount of precipitation. Silica (SiO2) concentrations 
were similar across all lakes, and precipitation was positively related to SiO2 
concentrations. Bigler et al. (2005) found in lakes in the Swiss Alps, silica values ranged 
from 4.6-22.0 mg Si/L, and Arnett et al. (2012) found in lakes in the Rocky Mountains of 
western USA to have silica values from 0.75-6.74 mg Si/L. The SiO2 values in my study 
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ranged from 0.1-1.0 mg Si/L, suggesting that the study lakes generally have low levels of 
SiO2. The underlying geology of the Uinta Mountains is mostly composed of quartzite 
(Hansen, 1975) which is largely comprised of silica. SiO2 was especially concentrated 
during the spring of 2011 when there was almost double the amount of precipitation. 
Water is a major weathering agent, and therefore, an increase in precipitation will 
enhance chemical weathering (Conley, 2002). Silica is important in the regulation of 
diatom species composition, because diatom frustules are made of silica (Battarbee et al., 
2001). It would thus be expected that increased silica would increase growth, or increase 
diatom species numbers sensitive to silica.  
Sources of NH4
+ include snow, rainfall, wildlife manure, and decay of aquatic organisms 
and organic materials in water (Wetzel, 2001). NH4
+
 levels were low in all lakes, but 
greater in the fall/winter when temperatures were decreasing. Danilo and Thaler (2000) 
also found low concentrations of NH4
+
 in two lakes in the eastern Alps in northern Italy, 
and the values ranged from 0-20 ug/L. In my study, NH4
+ concentrations ranged from 6-
22 ug/L. Generally, concentrations of NH4
+
 in mountain lakes are usually low (Marchetto 
et al., 1994) because NH4
+
 can be retained in a lake’s catchment or transformed into NO3- 
by bacterial nitrification (Campbell et al., 2002). 
The lakes that have large catchment to lake area ratios and receive more precipitation 
(Walk-Up, Taylor and Jessen) have greater concentrations of nutrients (nitrogen and 
phosphorus). Although these lakes have large catchments, there is little vegetation, with 
the exception of Jessen Lake, to take up nutrients and limit inputs of nutrients to the 
lakes. Also Taylor, Walk-Up, and Jessen Lake have mainly rocky and inorganic littoral 
zones, whereas the lower elevation lakes (Hidden and Larvae Lake) have more organic-
rich littoral zones, which support some macrophytes that could also take up nutrient 
inputs. Therefore, in high elevation lakes, nutrients from the catchment, including 
nutrients deposited in the catchment from the atmosphere, would travel from the 
catchment to the pelagic area of the lake.  
Nutrients can accumulate in snowpacks and on the ice during winter and can be released 
rapidly in large amounts during the spring thaw (e.g., English, 1978). Results from the 
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PCA and Pearson correlation analyses support this idea because they showed a positive 
relationship between winter precipitation and spring time concentrations of NO2
-+NO3
-
.  
There were also higher amounts of TP in high elevation lakes compared to low elevation 
lakes. Reynolds et al. (2010) found that in Marshall Lake and Hidden Lake in the Uinta 
Mountains, phosphorus levels have increased since 1950 due to atmospheric dust from 
agricultural activities. This is probably due to the increasing phosphate production 
(mining) and fertilizer use in the region. Dust samples taken in the Uinta Mountains have 
shown phosphate in dust samples and phosphorus in elevated concentrations compared to 
the underlying bedrock (Squire et al., 2012). However, dust should be deposited 
relatively evenly between high and low elevation sites in the Uinta Mountains. The lower 
TP values in Hidden and Larvae Lake may be related to the small catchment to lake 
areas, or could be related to greater vegetation coverage using more of the incoming 
nutrients (Appendix L). Both runoff volume and rate increases with an increase in 
catchment size (Wetzel, 2001). Smaller catchments would produce less runoff compared 
to bigger catchment areas, therefore less nutrients entering a lake. Morales et al. (1999) 
found that lakes with larger catchment areas in the Sierra Nevada (Spain) were more 
likely to be P-limited because of greater runoff from the catchment into the lakes. They 
also suggested that lakes with large catchment sizes received more P than lakes with 
small catchments and this was influenced by Saharan dust that is rich in phosphorus.  
Many researchers have suggested that alpine lakes are ultimately N-limited (Lafrancois et 
al., 2003; Williams et al., 1996a), but my research suggests that P is the limiting nutrient. 
As alluded before, some researchers have suggested that with atmospheric deposition of 
nitrogen, P is becoming limiting in alpine lakes (Elser et al., 2009; Bergström, 2010). 
Nitrogen can also play a co-dominating role with phosphorus, especially in oligotrophic 
mountain lakes (e.g., Lanfrancois et al., 2003; Elser et al., 1990). My results could 
indicate a shift from nitrogen to phosphorus limitation; however, Hundey et al. (2014) 
found that there were likely seasonal variations in nutrient limitation in the Uinta 
Mountains, which is corroborated by my data.  
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The nutrient data also showed that with warmer fall/winter temperatures, there was a 
decrease in TP in the spring season. It could be that with warmer fall/winter temperatures 
there is less ice-cover and thinner ice, allowing for earlier algal production or even algal 
production under the ice. Other researchers have noted algal production beginning while 
ice still covered the lakes (Hausmann & Pienitz, 2009). This early production could 
quickly deplete P reserves leading to P-limitation.    
TP was positively correlated to chl a in the spring, indicating that in the spring season, 
increased TP increases lake production. Chl a is indicative of phytoplankton biomass 
(Guildford and Hecky, 2000), meaning with an increase in TP, there is an increase in 
phytoplankton abundancce. The relationship between TP and chl a in the spring could 
suggest that when nitrate inputs were greatest, P was limiting, so greater P allowed for 
more production.  
The PLS showed that forest vegetation and catchment to lake ratio explained more 
variance in the nutrient data than air temperature and precipitation. However, there were 
no significant trends between the environmental and catchment properties with water 
chemistry, as all the nutrient data was centred in the middle. PLS is becoming more 
popular in the limnology field in creating inference models (e.g. Sobek et al., 2007; 
Larocque et al., 2006). Sobek et al. (2007) used PLS to investigate variables that affected 
DOC concentrations in 7514 lakes from six continents. They found that vegetation cover 
in the catchment strongly affected DOC concentrations, and low DOC lakes were situated 
in mountain environments. The PLS Sobek et al. (2007) created had high predictability, 
whereas the PLS in my study did not. The low predictability may be because collectively, 
all the environmental and catchment variables do not correlate with all the nutrient 
variables.  
3.5.2 Differences in diatom communities in lakes at different elevations 
and for different years  
This research indicates that colder lakes (high elevation) with more nutrients support a 
more relative abundant planktonic diatom community than low elevation lakes. There 
were clear differences between diatom communities of lakes from different elevations. 
 74 
 
Taylor, Walk-Up, and Jessen Lake were characterized by greater abundances of 
planktonic diatoms than Hidden and Larvae Lake. Greater abundances of planktonic 
diatoms can be related to several factors including: 1) a greater proportion of deep water 
to shallow water (often related to lake depth); 2) reduced ice-cover and prolonged open 
waters, and greater nutrient concentrations (Wolin and Duthie, 1999). Although greater 
lake depths generally result in more planktonic diatoms, depth was unlikely the cause for 
the distribution of planktonic diatoms in this research. Of the three deepest lakes, Walk-
Up (22 m), Jessen (17 m) and Hidden (16 m), only Walk-Up and Jessen Lakes were 
characterized by high abundances of planktonic diatoms. Others have argued that 
warming temperatures and subsequent increased duration of an ice-free season and 
thermal stratification would increase planktonic species (e.g. Sorvari et al., 2002; Saros et 
al., 2012). However, this is the exact opposite of what is observed in the Uinta 
Mountains, where warmer, low elevation sites are characterized by less abundant 
planktonic diatoms. Therefore, greater relative abundances of planktonic species were 
most likely due to the greater nutrient concentrations in Walk Up, Taylor and Jessen 
Lakes. Planktonic diatom species are often associated with increased nutrient inputs 
(Wolin and Duthie, 1999). Given this, it might be expected that planktonic diatoms would 
be greatest in spring 2011 samples when nitrate concentrations were greatest, however, 
such a relationship only occurs in the low elevation lakes. This may again point to P 
being the limiting nutrient.  
Further insight into the planktonic diatom distributions in the Uinta Mountains may be 
obtained by examining individual species distributions. Taylor Lake consistently had the 
least abundance of Cyclotella and the greatest abundance of Asterionella formosa, 
Fragilaria tenera, and F. nanana. Taylor Lake was also characterized, on average, with 
the greatest concentrations of TP compared to all other lakes. This suggests a positive 
relationship between TP and the abundance of A. formosa and F. tenera. However, other 
research has indicated that A. formosa is an early indicator of reactive nitrogen 
enrichment (Saros et al., 2003, Interlandi & Kilham, 1998). Arnett et al. (2012) and 
Bradbury (1988) suggested that A. formosa have low P requirements, and therefore 
dominate when lakes are P-limited. Similarly, Asterionella and long, pennate Fragilaria 
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species are considered strong competitors for P (e.g. Interlandi et al., 1999; Michel et al., 
2006). Donk & Kilham (1990) conducted lab experiments and found that A. formosa and 
F. crotonensis (a pennate Fragilaria species) were superior competitors for P, but the 
increase was only present between water temperatures from 5-20 °C, so they suggested 
this may be why there are mixed results in the literature.  
Jessen Lake during the fall of 2013 and Walk-Up Lake in the fall of 2011 and 2013 had 
the most Cyclotella species. My results match with the notion that oligotrophic lakes that 
are phosphorus-poor are dominated by Cyclotella species (Bradbury, 1988). Little is 
known about nutrient requirements of C. stelligera, but its distribution may be related to 
initial mixing following cold winter conditions (Rühland et al, 2003). Rühland et al., 
(2008) compiled a meta-analysis of paleolimnological studies that showed a significant 
increase in the relative abundance of Cyclotella species in northern hemispheric lakes 
linked to less ice-cover and temperature warming. However, my research did not show an 
increase in Cycotella due to warmer temperatures, indicating that other variables are 
affecting Cyclotella and other planktonic species.  
With benthic species, the negative relationship between Fragilaria brevistriata and TP 
may be because this diatom is a generalist, and does well when conditions are relatively 
poor for other species resulting in little competition. F. brevistriata is frequently referred 
to as a pioneering species, appearing immediately after deglaciation (Wilson et al., 1996) 
or landslides (Hundey, 2014). It has also been reported in large abundances in lakes and 
ponds from the high arctic where conditions are harsh and nutrients are low (e.g. Smol, 
1983; Bradshaw et al., 2000). Hidden ad Larvae Lakes both had more relative 
abundances of benthic species and of F. brevistriata compared to the other lakes, and this 
may be a result of being at lower elevations with less ice-cover.  
Shorter ice-cover periods and warmer temperatures at low elevation lakes result in an 
increase in littoral habitats (i.e., more diverse mosses and aquatic plants), allowing for a 
more diverse and abundant benthic diatom community. An increase in periphytic diatoms 
was reported for ponds and lakes on Cape Herschel, Ellesmere Island due to the recent 
increased duration of an ice-free season, resulting in an increased diversity of aquatic 
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vegetation and mosses as a result of warming temperatures (Smol, 1983; Douglas et al., 
1994).  Therefore, the greater diversity of benthic diatoms at lower elevation sites may be 
due to warmer temperatures and greater habitat diversity 
3.6 Conclusion 
This research examined nutrient concentrations, lake production and diatom species 
assemblages in relation to air temperature, precipitation and catchment characteristics 
(catchment to lake area ratios and vegetation coverage). My research showed that nutrient 
limitation in alpine lakes varies spatially and temporally, and that phosphorus and 
nitrogen are affected by different climate controls. The wettest year (2011), largely the 
result of greater-than-normal snowfall, also had the highest amounts of spring NO2
-+NO3. 
There was a significant and positive correlation between fall/winter precipitation and 
spring/summer NO2
-+NO3
- concentrations. Nitrate in Uinta Mountain lakes, and most 
lakes in the western USA, originates from the atmosphere (Hundey et al., 2014). Much of 
this nitrate is stored in snow and released in a pulse during spring snowmelt. High inputs 
of nitrate would lead to P limitation, and the positive relationship between TP and chl a 
suggests that P is the limiting nutrient. However, measurements of nutrient limitation are 
less clear as to which nutrient is limiting and suggest spatial and temporal variation.  
My data also showed a negative relationship between fall/winter temperatures and 
spring/summer TP. Spring/summer chl a was found to be positively correlated to 
spring/summer TP, which suggests that phosphorus is the limiting nutrient in the spring.  
Terrestrial run-off is one of the primary sources for nutrient input in lakes (the other, 
atmospheric input) and as a result, catchment size was likely the main factor that lead to 
increased nutrients in high elevation lakes. Vegetation was also different between high 
and low elevation lakes, where high elevation sites had mostly rocky and inorganic 
material in the catchment and low elevation sites had forested and organic material. This 
would lead to less nutrients from the atmosphere being taken up by vegetation and soils 
in the catchments of high elevation lakes.  
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Diatom community composition of three (Taylor, Walk-Up and Jessen) of the five lakes 
was characterized by high abundances of planktonic diatoms. These sites are from a 
range of elevations, but are all characterized by greater amounts of precipitation and 
relatively large catchments. This and the greater concentration of nitrates at the same 
lakes indicates that planktonic diatom distributions were controlled by nitrate availability. 
However, benthic species, such as Fragilaria brevistriata, was more attributed to changes 
in temperatures, rather than nutrient availability. Benthic diatom species richness were 
higher in low elevation lakes, which suggests that warmer temperatures and increased 
diversity of littoral habitats promoted benthic species.  
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Chapter 4 
4 Conclusion  
Owing to a lack of long-term monitoring data in high mountain areas, there is the need 
for more research to better understand the effects of future climate change in alpine 
regions. There is still much uncertainty about how alpine lakes will respond to future 
warming (Battarbee et al., 2002), so the research presented here contributes to this 
knowledge gap. My thesis shows the importance of long-term measurement programs in 
alpine areas where four years’ of data adds much to our understanding of modern 
relationships between changes in air temperature and precipitation, and limnological 
properties.  
4.1 Physical Changes 
My first objective of this thesis was to determine the relationship between air and 
water temperature, and physical lake characteristics (ice-out and stratification) in 
Uinta Mountain lakes. The research presented here showed that air and surface water 
temperatures are closely linked. This has been shown by previous research (Livingstone 
& Lotter, 1998; Shuter et al., 1983, Livingstone et al., 2005). Similar to other studies, I 
also found little to no connection between deeper water temperatures and air temperature 
(Livingstone, 1993). For example, Livingstone and Lotter (1998) found there was a 
disconnect between air temperature and water temperature below three metres depth. 
These findings indicate that warmer temperatures will result in warmer surface waters, 
but will have little to no effect on deeper water temperatures. This means that with 
climate warming, the temperature difference between surface waters and deep waters will 
increase, resulting in stronger thermal stratification. As well, I found that warmer 
temperatures resulted in a reduced period of ice-cover, which may allow for a longer 
duration of thermal stratification. This is supported by my observation that ice-out dates 
were four to five weeks earlier in low elevation lakes compared to high elevation lakes. 
Other studies have also suggested this relationship (e.g. Livingstone et al., 2005; 
Magnuson et al., 2000), although perhaps not as striking as observed in the Uinta 
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Mountains. For example, Magnuson et al. (2000) found that changes in ice-out dates 
averaged 6.5 days per 100 years in Northern Hemisphere lakes with increasing air 
temperatures of 1.2 °C per 100 years.   
My research also indicates important relationships between lakewater DOC and thermal 
heating. In this study, high elevation lakes were warmer at depth by at least 2 °C and 
cooler at the surface by at least 1 °C than low elevation lakes. This may be due to the 
greater concentrations of DOC in low elevation sites. As climates warm, the vegetation at 
high elevation sites may change and conifer tress common at lower elevations may 
expand their range to higher altitudes (Harsch et al., 2009), which would increase inputs 
of DOC and change the thermal regime of lakes. DOC concentrations could be further 
increased by increased summer runoff, which would deliver more DOC to lakes. Such 
changes would reduce temperatures between surface and deep waters and counter the 
effects of longer ice-free periods on thermal stratification. 
4.2 Chemical and Biological Changes 
The second objective of my thesis was to investigate the relationship between 
temperature and catchment variables and chemical (nutrients and production) and 
biological (diatom community composition) characteristics of lakes. The increase in 
precipitation in the spring of 2011 increased nitrates and silicate levels. The increase in 
silicates were not surprising, considering the underlying geology of the Uinta Mountains 
and the increase in runoff that would have occurred during meltwater. The process of 
weathering includes “rainfall, runoff, lithology, temperature, topography, and vegetation” 
(Conley, 2002). With an increase of precipitation, it enhances the chemical and physical 
weathering processes in the catchment of the study lakes.  
With a decrease in snow fall, it would be expected that NO2
-+NO3
- inputs would decrease 
during melt; however, NO2
-+NO3
- delivery all year could increase with increased rainfall 
and runoff. Changes in precipitation and snow and ice-cover patterns are likely to affect 
the timing, volume, and variability of run-off in mountainous regions (IPCC, 2001; 
Viviroli & Weingartner, 2004). In the Uinta Mountains, catchments can be dominated by 
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snow and ice-cover most of the year. However, with warming temperatures in the 
Western USA, researchers have documented decreases in snowpacks, earlier ice-out, 
increase in winter rainfall, and reduced summer flows (IPCC, 2001). My research showed 
that anthropogenic nitrogen and phosphorus deposition can potentially affect nutrient 
concentrations to high elevation lakes in the Uinta Mountains. Anthropogenic nitrogen 
deposition has been found to enhance biological and biogeochemical shifts in alpine 
environments (Baron et al., 2000). This could lead to a shift from N-limitation to P-
limitation (Elser et al., 2009), which we observe in these study lakes. Baron et al. (2000) 
found that even slight increases in atmospheric N could lead to changes in ecosystem 
properties such as ecological responses by diatom communities. 
Finally, TP in the study lakes could potentially derive from dust from a nearby phosphate 
mine, but TP values were not consistent throughout all the study lakes. This was 
associated with catchment size, where lakes with small catchment areas may have had 
lower concentrations of TP because of less runoff volume compared to bigger 
catchments. However, TP was positively correlated with chl a concentrations in the 
spring, indicating that with the increase in TP, there was an increase in phytoplankton 
biomass. Therefore, with warming temperatures, we can expect to see changes in the 
physical properties (e.g. decreased ice-cover and snowpacks, increase in rainfall) that will 
ultimately affect chemical characteristics in lakes, and anthropogenic influences can 
induce these changes.  
The increase in the relative abundance of planktonic diatoms in high elevation lakes 
compared to low elevation lakes were related to the increase in nutrient deposition and 
catchment characteristics. With increased nutrients, there were more Asterionella 
formosa and Fragilaria tenera (pennate planktonic species) in high elevation lakes 
compared to low elevation lakes. However, this was not seen with Cyclotella species as 
they flourished in phosphorus poor lakes. With warming temperatures and changing 
hydrology, we can expect that Uinta Mountain lakes with more nutrients will exhibit 
higher abundances of pennate planktonic species, where lakes with low nutrients will 
have higher abundances of Cyclotella species.  
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There was a negative relationship between Fragilaria brevistriata (benthic species) and 
TP, which suggests that low elevation lakes with increased littoral habitats allowed for a 
more abundant benthic diatom community. However, researchers have indicated that 
recent change in diatom community composition in mountain regions have resulted from 
increased nitrogen deposition associated with agricultural activity and fossil fuel 
combustion (Holtgrieve et al., 2011; Wolfe et al., 2001). Also, Squire (2012) found that 
atmospheric phosphorus contamination was derived from a phosphate mine lower in 
elevation in the Uinta Mountains. But differences in vegetation in the catchment area was 
still seen to affect nutrient concentrations, and high elevation lakes were more sensitive to 
increases in nitrate and phosphorus, due to high proportion of talus and bedrock.  
A key issue in interpreting diatom community composition in alpine and arctic regions 
has been determining whether warming temperatures, or nitrogen deposition, or both are 
affecting limnological properties in these regions (Holtgrieve et al., 2011; Smol & 
Douglas, 2007; Hobbs et al., 2010). But warming temperatures and nitrogen deposition 
are not mutually exclusive drivers to ecological change, and research is still on-going on 
this topic (e.g., Catalan et al., 2013). Therefore, understanding modern diatom 
distributions in relation to environmental gradients is very useful for paleolimnological 
studies. My research adds to our knowledge of the factors affecting key planktonic 
diatom species in mountain lakes and shows that warming temperatures are affecting 
limnological and biological properties in lakes, and atmospheric deposition can enhance 
these changes.  
4.3 Improvements to the study design and future research 
directions 
Owing to the high elevation, remoteness and characteristically harsh weather, this 
research was logistically difficult. Monitoring techniques are still improving and this 
study touches the surface of these improvements and exemplifies the difficultness in 
obtaining data. For example, it takes about four hours to hike to Taylor Lake, and because 
it is in the wilderness area, motorized equipment cannot be used to access it. On occasion, 
high winds and ice-cover resulted in failures to retrieve samples. These logistical issues 
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have also limited the number of visits per year. With an increased budget, some thoughts 
for improving the study would be: 
1. Increase the use of light intensity data loggers for ice-in and ice-out data. Have at 
least one for the surface and one at six metres at depth at each lake. 
The timing of ice-in and ice-out is very difficult to distinguish especially in remote alpine 
environments where it is difficult to get to the study sites in the first place. Unfortunately, 
this study did not always have good ice-in and ice-out data due to the lack of data loggers 
that recorded light intensity. This study did not have the budget for it, but for future 
research, I suggest collecting light intensity data on the surface and at six metres at depth 
at each lake. This would improve our understanding of when ice formation takes place 
and whether solar radiation was reaching deeper depths of the lakes. This has 
implications for studying whether primary production was active or not during the winter 
months. 
2. Collect more than one water sample from each season. 
Water samples should be taken at least once right before ice-in, right after ice-out, during 
stratification, and when the lake is mixed. Sampling during these periods are important 
because nutrient cycling vary during these times. This would be costly, and logistically 
difficult, especially to the high elevation lakes, but with more years’ worth of data, it 
would be possible to roughly predict the appropriate dates for water sampling. Another 
suggestion is to place in situ sensors to continuously record data. 
3. Collect water samples at depth (six metres and bottom of the lake) to compare for 
differences with surface water samples. 
Since thermal stratification becomes more established and longer with warming 
temperatures, the stability between the epilimnion and hypolimnion are strengthened. My 
findings suggest that as this occurs, nutrients are trapped in the hypolimnion and internal 
cycling is reduced. For this research, water samples were only collected at 0.5 metre 
below the surface. If water samples were taken at depth, we would be able to determine if 
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nutrients were concentrated in the hypolimnion and have a better picture of the total lake 
nutrient budget. In Jessen Lake water samples were taken at the surface, six metres, and 
at the bottom of the lake (14 metres). Comparing the three different depths, it showed 
changes in nutrient concentrations of Jessen Lake. This data were not included as samples 
were taken for another project, but it would be very interesting to see how nutrients 
cycled throughout the other lakes.  
As a result, it is strongly recommended that more years of data will add to these findings 
and strengthen results. This would either support or contradict the findings made in this 
present study, but nonetheless improve our understanding of how warming temperatures 
are affecting Uinta Mountain lakes. Finally, the findings in this study are applicable to the 
study of climatology, paleolimnology and biogeography.  
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Plates 
 
 
Plate 1. Achnanthes, Anomoeoneis, Aulacoseira, Cyclotella and Asterionella species. 
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Plate 2. Cymbella species. 
 94 
 
 
Plate 3.  Eunotia species. 
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Plate 4. Gomphonema and Nitzschia species. 
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Plate 5. Fragilaria species 
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Plate 6. Navicula and Pinnularia species. 
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Plate 7. Frustulia, Neidium, Stauroneis, Tabelleria, Diatoma, Tetracyclus, Surrirella, 
and Epithemia species (previous page). 
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Appendices 
Appendix A. Differences in elevation between SNOTEL Chepeta (3228.4 m) and the five lakes. 
Lake Elevation (m) Difference (m) 
Taylor Lake 3414 -185.3 
Walk-Up Lake 3392 -164 
Jessen Lake 3186 66.4 
Hidden Lake 3158 70.7 
Larvae Lake 3072 156.1 
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Appendix B. Daily temperature for Vernal airport, SNOTEL corrected temperature and SNOTEL 
sites for 2010-2013. 
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Appendix C: Walk-Up, Hidden, & Larvae Lake data logger onshore temperature and SNOTEL 
Chepeta lapse rate 2011. 
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Appendix D. Taylor, Walk-Up, Jessen, & Hidden Lake data logger onshore temperature and 
SNOTEL Chepeta lapse rate 2012. 
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Appendix E. Walk-Up Lake water temperature profiles of spring 2010-2013. Arrows indicate when the 
lake fully mixed and the onset of stratification. The six metre data logger was faulty in 2010, hence the 
missing interval data.  
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Appendix F. Jessen Lake water temperature profiles of Spring 2012-2013. Arrows indicate when the 
lake fully mixed and the onset of stratification. There was missing data on August 29, 2012, and June 17, 
2013 due to changing of data loggers. 
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Appendix G. Hidden Lake water temperature profiles of spring 2010-2013. No arrows are shown 
because the lake was fully stratified during the full spring seasons.  
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Appendix H. Larvae Lake water temperature profiles of spring 2010-2013. Arrows indicate the onset 
of stratification. 
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Appendix I. Surface water temperature of Fall 2011 and 2012. Larvae Lake only recorded surface 
temperature data until August 8, 2012, hence the missing data after that date. There was no Jessen Lake 
data in 2011. 
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Appendix J. Deep water temperature of Fall 2011 and 2012. Taylor and Jessen Lake only recorded deep 
water temperature data until August 7, 2012, hence the missing data after that date.  
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Appendix K. All Secchi depth and DOC measurements. First values in each year were taken in the 
Spring, followed by the Fall measurement (if available).  
   Year            Secchi depths (m) Year   Dissolved Organic Carbon (μg/L) 
         
Taylor 
Lake 
2010 NA 
2011 1.4, 4 
2012 1.8, 4.0 
2013 1.7, 2.5 
 
2010 NA 
2011 1.3, NA 
2012 8.4, NA 
2013 1.7, 1.7 
 
Walk-Up 
Lake 
2010 2.2, NA 
2011 1.3, 2.9 
2012 NA, 4.9 
2013 2.2, 3.9 
 
2010 NA 
2011 1.0, NA 
2012 NA 
2013 .9, 1.2 
 
Jessen 
Lake 
2010 NA 
2011 NA 
2012 3.6, NA 
2013 3, 4.4 
 
2010 NA 
2011 NA 
2012 2.0, NA 
2013 2.9, 2.3 
 
Hidden 
Lake 
2010 NA 
2011 3.9, 3.3 
2012 3.8, 4.8 
2013 3.9, 3.5 
 
2010 NA 
2011 9.0, NA 
2012 6.4, NA 
2013 5.3, 5.3 
 
Larvae 
Lake 
2010 NA 
2011 2.0, 3.3 
2012 2.9, 4.3 
2013 3.9, 2.1 
 
2010 NA 
2011 9.6, NA 
2012 9.6, NA 
2013 8.4, 8.6 
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Appendix L. Landcover percentage of the five study lakes’ catchment area. Vegetation data was 
obtained from the USGS website and percentages were calculated from ArcGIS 10.0. Digital elevation 
models were used to determine watershed boundaries, which were then overlayed with landcover data from 
the USGS National Gap Analysis Program (2004). Some land use categories from the USGS National Gap 
Analysis Program were combined for comparison between lake sites: talus/bedrock combines bedrock, 
scree and alpine fell field; forest/shrubland combines subalpine dry-mesic spruce-fir forest and woodland, 
subalpine mesic spruce-fir forest and woodland, alpine dwarf shrubland, and subalpine-montane riparian 
shrubland; and meadow/tundra includes dry tundra, subalpine mesic meadow, southern montane subalpine 
grassland, and alpine-montane wet meadow.  
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Appendix M. Sediment sample collection dates for the study lakes. 
 2011 2012 2013 
Taylor Lake Sept 20 June 7 NA 
Walk-Up Lake Sept 21 NA due to weather 
conditions 
Sept 23 - not 
enough nutrients 
data 
Jessen Lake NA June 10 June 18 
Sept 18 
Hidden Lake July 25 
Sept 22 – not enough 
diatoms 
June 6 
Sept 25 
Sept 24 
Larvae Lake Sept 23 June 5 – not enough 
diatoms 
Sept 25 – not enough 
nutrients data 
Sept 25 
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Appendix N. Pearson Correlation table of correlations between water chemistry and air 
temperature, precipitation, and chl a. Statistically significant results are shaded in grey. Previous 
seasonal air temperature and precipitation was used with nutrients data. 
 Air Temperature ( C) 
Fall Spring 
 
Precipitation 
Fall Spring 
 
Chl a 
Spring Fall 
 
TP 
PO4 
TN 
NO2+NO3 
NH4 
SIO2 
chla 
DIN 
TDP 
TDN 
-.65, <.02 -.4 
-.52, <.1 -.34 
.29 .50 
-.59 -.32 
.40 .18 
.02 -.18 
-.57, <.05 -.60 
-.58, <.05 -.29 
-.50, <.1 -.31 
.15 .70, <.1 
 
-.29 .16 
.55, <.05 -.39 
.39 .52 
.47, <.1 -.35 
-.01 .34 
.80, <.01 -.09 
-.38 .45 
.47, <.1 -.30 
.02 .12 
.59, <.05. -.18 
 
.72, <.01 .41 
.09 -.10 
-.17 -.25 
-.02 .27 
-.5, <.1 -.01 
-.42 -.15 
--- --- 
-.07 .26 
.38 .29 
-.45 -.59 
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Appendix O: Species codes and references of all diatoms found.  
Species Code Species name Authority 
Achbia Achnanthes biasolettiana (Grunow) Cleve & Grunow 1880  
Achcur Achnanthes curtissima J. R. Carter 1963 
Achexp Achnanthes expressa Carter (S. 54, ohne Diagnose) 
Achmin Achnanthes minutissima Kützing 1833  
Achhel Achnanthes helvetica 
(Hustedt) Lange-Bertalot in LB & K 
1989 
Achsto Achnanthes stolida (Keasske) Krasske 1949 
Achvit Anomoeoneis vitrea (Grunow) Ross 1966 
Anobra Anomoeoneis brachysira 
(Brébisson in Rabenhorst) Grunow in 
Cleve 1895 
AnoSpU Anomoeoneis sp Uintas --- 
Astfor Asterionella formosa Hassall 1850 
Aulalp Aulacoseira alpigena --- 
Auldis Aulacoseira distans (Ehrenberg) Simonson 1979 
Auldishu Aulocoseira distans var humulis (Ehrenberg) Simonson 1979 
Aullir Aulacoseira lirata (Ehrenberg) Simonson 1979 
Aulgra Aulacoseira granulata (Ehrenberg) Simonson 1979 
Cycpse Cyclotella pseudostelligera Hustedt 1950 
Cycste Cyclotella stelligera Cleve & Grunow 1880 
Cycbod Cyclotella bodanica Grunow in Schneider 1878 
Cycbodle Cyclotella bodanic var lemanica (O. Müll. Ex Schröt.) Bachm. 1903 
Cycoce Cyclotella ocellata Pantocsek 1901 
Cymamp Cymbella amphicephela Naegaeli in Kützing 1849 
Cymcus Cymbella cuspidata Kützing 1844 
Cymgra Cymbella gracilis (Rabenhorst) Cleve 1894 
Cymlap Cymbella lapponica Grunow in Cleve & Möller 1879 
Cymmin Cymbella minuta Hilse ex. Rabenhorst 1862 
Cymsil Cymbella silesiaca Bleisch ex Rabenhorst 1964 
Cymgae Cymbella gaeumannii Meister 1934 
Diainc Diatoma inceps (Ehrenberg) Kirchner 1878 
Episp Epithemia species --- 
Eunarc Eunotia arcus Ehrenberg 1837 
Eunbil Eunotia bilunaris (Ehrenberg) F. W. Mills 1934 
Euninc Eunotia incisa Gregory 1854 
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Eunint Eunotia intermedia 
(Krasske ex Hustedt) Nörpel & Lange-
Bertalot 1991 
Eunmin Eunotia minor (Kützing) Grunow in Van Heurck 1881 
Eunmes Eunotia meisteri Hustedt 1930 
Eunmus Eunotia muscicola var tridentula Nörpel & Lange-Bertalot 1993 
EunspU Eunotia sp Uintas --- 
EunspU1 Eunotia sp Uintas 1 --- 
Eunsub Eunotia subarcuatoides Alles, Nörpel & Lange-Bertalot 1991 
Frabre Fragilaria brevistriata Grunow in Van Heurck 1885 
Fracap Fragilaria capucina Desmazières 1925 
Fracapgr Fragilaria capucina var gracilis (Østrup) Hustedt 1950 
Fracapme Fragilaria capucina var mesolepta (Rabenhorst) Rabenhorst 1864 
Fracon Fragilaria construens (Ehrenberg) Grunow 1862 
Fraconbi Fragilaria construens var binodis (Ehrenberg) Hustedt 1957 
Fraconven Fragilaria construens var venter (Ehrenberg) Grunow in Van Heurck 
1881 
Fraexi Fragilaria exigua Grunow in Cleve & Möller 1878 
Frapin Fragilaria pinnata Ehrenberg 1843 
Fralepdu Fragilaria leptostauron var dubia (Grunow) Hustedt 1931 
Fraten Fragilaria tenera Lange-Bertalot 1980 
Frafam Fragilaria fammellica (Kütz.) Lange-Bertalot 1980 
Frafas Fragilaria fasciculata Lange-Bertalot 1980 
Franan Fragilaria nanana Lange-Bertalot 1991 
Frapar Fragilaria parasitica var parasitica Grunow in Van Heurck 1881 
Fravau Fragilaria vaucheriae (Kütz.) Petersen 1938 
Fruvau Frustulia rhomboides (Ehrenberg) De Toni 1891 
Frurhocr Frustulia rhomboids var crassinerva (Brébisson ex W. Smith) Ross 
Frurhosa Frustulia rhomboides var saxonica (Rabenhorst) DeToni 1891 
Gomtru Gomphonema truncatum Ehrenberg 1832 
Gomaff Gomphonema affine Kützing 1844 
Gomgra Gomphonema gracile Ehrenberg 1838 
Gommic Gomphonema micropus Kützing 1844 
Gomcon Gomphonema contraturris Lange-Bertalot & Reichardt 1993 
Gomexi Gomphonema exiguum Kützing 1844 
Mastsmi Mastolgloia smithii Thwaites ex W. Sm. 1856 
Navbah Navicula bahusiensis (Grunow) Grunow 1884 
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Navcar Navicula cari Ehrenberg 1836 
Navcry Navicula cryptonella Lange-Bertalot 1985 
Navdig Navicula digitilus Hustedt 1943 
Navlap Navicula lapidosa Krasske 1929 
Navlep Navicula lepstostriata Jorgensen 1948 
Navlun Navicula lundii Reichardt 1985 
Navpse Navicula pseudocutiformis Hustedt 1930 
Navcap Navicula capitata Ehrenberg 1838 
Navsem Navicula seminelum Grunow 1860 
Navlae Navicula laevissima Kützing 1844 
Navcin Navicula cincta (Ehrenberg) Ralfs in Pritch. 1861 
Navrad Navicula radiosa Kützing 1844 
Navdiff Navicula difficillima Hustedt 1950 
Navmod Navicula modica Hustedt 1945 
Navpup Navicula pupula Kützing 1844 
Navpupu Navicula pupula var pupula Kützing 1844 
Navbry Navicula bryophila J. B. Peterson 1928 
Navsch Navicula schmassmannii Hustedt 1930 
Navspe Navicula spendicula Van Landingham 1975 
Navvar Navicula variostriata Krasske 1923 
Neiamp Neidium ampliatum (Ehrenberg) Krammer 1985 
Neibis Neidium bisulcatum (Lagerstedt) Cleve 1894 
Nitalp Nitzschia alpina Hustedt 1943 emend. Lange-Bertalot 
1980 
Nitfon Nitzschia fonticola Grunow in Van Heurck 1881 
Nitfru Nitzschia frustulum (Kütz.) Grun. In Cleve & Grun. 1880 
Nitgra Nitzschia gracilis Hantzsch 1860 
Nitsig Nitzschia sigmoidea (Nitzsch) W. Smith 1853 
Nitdis Nitzschia dissipata (Kützing) Grunow 1862 
Nitpal Nitzschia palea (Kützing) W. Smith 1856 
Nitfil Nitzschia filiformis (W. Smith) Van Heurck 1896 
Nitros Nitzschia rostellata Hustedt in A. Schmidt et al. 1922 
Nitsub Nitzschia sublinearis Hustedt 1930 
Nitumb Nitzschia umbonata (Ehrenberg) Lange-Bertalot 1978 
Pinbor Pinnularia borealis Ehrenberg 1843 
Pinmes Pinnularia mesolepta (Ehrenberg) W. Sm. 1853 
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Pinint Pinnularia interrupta W. Smith 1853 
Pinmic Pinnularia microstauron (Ehrenberg) Cleve 1891 
Pinsub Pinnularia subgibba Krammer 1992 
Pinsto Pinnularia stomatophora (Grunow) Cleve 1891 
PinspU Pinnularia sp Uintas --- 
PinspU1 Pinnularia sp Uintas 1 --- 
Staagr Stauroneis agrestis Petersen 1915 
Staanc Stauroneis anceps Ehrenberg 1843 
Surang Surirella angustata Kützing 1844 
Tabfen Tabelleria fenestra (Lyngb.) Kützing 1844 
Tabflo Tabelleria flocculosa (Roth) Kützing 1844 
Tetgla Tetracyclus glans (Ehrenberg) Mills 1935 
Tetrup Tetracyclus rupestris (Braun) Grunow in Van Heurck 1881 
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